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Abstract 
Photovoltaic technologies are likely to become one of the world’s major renewable energy 
generators in the future provided they are able to meet the increasing world energy demands at 
a significantly lower generation cost compared to conventional non-renewable energy sources. 
Photovoltaic systems based on 1st generation mono or poly crystalline silicon wafers have 
already been commercially successful over the past two decades. As the technology further 
develops however, it faces fundamental limits to further reduce cost which are primarily due to 
processing of silicon wafers. Hence, a 2nd generation of “thin film” photovoltaic systems, such as 
amorphous and poly silicon, CdTe and CIGS, which use cheap materials and inexpensive 
manufacturing processes with relatively high power conversion efficiency, have been 
developed. In order to commercialise the 2nd generation technology successfully, the efficiency 
of the thin film photovoltaic panels needs to increase to compete with the 1st generation silicon 
photovoltaics.  
Plasmonic structures provide a route to increase the efficiency of 2nd generation thin film 
photovoltaic devices. With the unique properties of plasmonic structures, such as ability to guide 
and trap light at nanometre dimensions, light absorption in the photoactive layer of thin film 
photovoltaic device can be increased resulting in improved device performance. 
In this research, plasmonic nanoparticles are utilised as an anti-reflection coating on the front 
side of the PV, coupling light into the active PV layer, and as scattering centres at the back 
reflector, increasing the path length of the light through the photoactive layer. The optical and 
electrical effects of the plasmonic structures are modelled simultaneously using a commercial 
technology computer aided design (TCAD) simulation package to understand and optimise the 
plasmonic effects on the performance of the 2nd generation thin film amorphous silicon, and 3rd 
generation organic, photovoltaic devices.  
The thesis describes the first ever dedicated optoelectronic model to simultaneously simulate 
optical and electrical properties of plasmonic thin film photovoltaics devices in collaboration with 
the TCAD software developer Silvaco Inc. The model demonstrates a maximum 12% relative 
increase in the power conversion efficiency of plasmon enhanced n-i-p configured amorphous 
silicon thin film photovoltaic devices. This remarkable increase in the performance is due to the 
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light trapping in the photoactive layer of the thin film amorphous silicon photovoltaic devices, 
which results in improvements in the both the optical and electrical properties. 
Experimental work was also carried out to observe the plasmonic effects of the metal 
nanoparticles on the performance of 3rd generation organic photovoltaic devices which were 
subsequently modelled using the simulation package. A 4% relative increase in the efficiency 
was achieved using gold nanoparticles. A plasmonic organic photovoltaic device model and 
material library for the commercial organic semiconductor P3HT:PCBM, has also been 
developed and benchmarked experimentally. The model has assisted in the understanding of 
the effect of the plasmonic gold nanoparticles on the increased performance, as well as 
degradation effects due to the incorporation of silver nanoparticles. 
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Chapter 1 Introduction 
1.1 Background and Motivation 
Our earth is going through major challenges of over population, water and food shortages, high 
power consumption and climate change [1]. The world population has rapidly increased in the 
20th century with the number of people exceeding 7 billion in 2012 and projections of 11 billion 
people by the end of 21st century [2, 3]. As a result all these, crises are expected to intensify with 
the increase in the world population. One of the major challenges in the near future would be to 
generate enough energy to meet ever rising energy demands. Currently, 20 trillion kWh power is 
being consumed around the world and this energy demand is expected to increase with the 
increase in the population [4]. Conventional power plants use carbon based non-renewable fossil 
fuel sources such as coal, petroleum oil and natural gas to generate most of the electricity. Due 
to the intensive use of non-renewable energy sources in the last century, CO2 emissions per 
capita are constantly rising, resulting in adverse effects such as climate change [5]. As a result, 
the global average temperature has increased by approximately 0.7℃ over the 20th century 
causing extreme environmental conditions [6]. The significant impact of global warming to 
humans and animals has been confirmed by environmental researchers [7], who warn that there 
is a possibility that global warming might led to a new ice age [8]. 
Renewable energy sources such as solar, wind and hydropower are currently proving alternative 
ways to generate electricity and has led to the establishment of policy groups such as the global 
REN21 renewable energy policy network started in 2005 [9]. However, with the infrastructure 
already in place, conventional energy power plants are still the prime energy suppliers as the cost 
of generating electricity using renewable energy sources is still too high compared to non-
renewables. Although the price of oil has recently fallen to a 6 year low of $50 per barrel, due to 
the innovation of the shale technology [10] and overproduction, environmental research predicts 
that the limited oil and gas reserves could be further depleted in the near future. Scientists around 
the world are therefore looking at alternative renewable energy sources to generate power. As a 
result, the European Commission launched the 20 20 by 2020 package [11], which includes the 
proposals to reduce the EU’s greenhouse gas emissions by 20% from 1990 levels, increase EU’s 
share of final energy consumption from renewable sources to 20% and achieve a 20% 
improvement in the EU’s energy efficiency. All the three targets are to be achieved by 2020. The 
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UK’s target is 15% by 2020 [11], a target which has been reviewed by the European Union (EU) 
committee appointed by the House of Lords [12].The UK department of energy and climate 
change (DECC) is therefore focusing on achieving its target of generating 15% of total electricity 
from renewable sources including hydro, wind, solar, biomass and other renewable sources by 
year 2020 [13].  
Due to intensive research and development in the field of renewable energy technology in the last 
decade, as well as governmental incentives to encourage adoption of this technology, the price 
of electricity generated from renewable sources is gradually decreasing and is now approaching 
the price of electricity generated from non-renewable sources [14, 15]. In order to gain advantage, 
the price of energy generated from renewable energy sources has to be competitive with non-
renewable energy sources. One route to achieving this can be by reducing product development 
and manufacturing cost. 
The use of environmentally friendly and renewable energy sources will play a very important role 
in solving the current world crisis and will lead to more sustainable human life in the future.  
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1.2 Solar Power: A major energy opportunity 
 Since the beginning of human civilization, the sun has been worshiped and has been considered 
as an eternal energy source. Solar power reaching the earth is stored via four different forms: (1) 
solar energy which stimulates the earth’s weather and contributes to setting winds and waves in 
motion, (2) solar energy converted to chemical energy by photosynthesis as part of the carbon 
cycle, (3) solar energy converted to thermal energy and (4) solar energy converted directly in to 
electricity [16]. Although in the UK and globally, the power capacity of renewable wind and hydro-
power generation is greater, of all the renewable energy sources, solar power has gained popular 
interest across remote as well as urban communities [9]. 
Solar thermal power plant that converts sunlight into heat and then in to electricity is 30-40% 
efficient in power conversion. Solar Cells or Photovoltaics (PV), which convert sunlight directly 
into electricity are 10-20% efficient in power conversion.  The electricity produced from solar 
thermal is limited due to relatively small size power station and the high maintenance costs and 
would not be able to sustain the energy demands of the earth’s increasing population [17, 18]. 
Photovoltaic modules have been used to power pocket size calculators for over 30 years and 
have been utilised in solar farms over areas larger than Manhattan island to supply electricity for 
urban use [19]. Building integrated photovoltaic (BIPV) projects, which use PV modules instead 
of conventional building materials, have also increased the energy efficiency significantly to 
improve the supply of electricity to offices, buildings and bridges [13]. Importantly, during the 
generation process there is zero greenhouse gas (CO2) emitted. The Earth receives, on average, 
10,000 times the world’s annual energy demand in one day in the form of solar energy [20]. 
Combining the favourable features of abundant sunlight, reliability and environmental friendliness, 
PV is one of the most promising and fastest growing energy sectors as well as solutions. Figure 
1.1 shows renewable energy sources supplied an estimated 22.1% of global power consumption 
by the end of 2013, while fossil fuels and nuclear supplied the remaining 77.90% of global energy 
demands [9]. In 2013, PV supplied 0.7% of the global energy demands and its share increased 
by more than 35% every year since 2002, making the PV market the fastest growing energy 
technology [21]. The PV market share has increased over the last decade with clean, cheap and 
sustainable electricity generated from domestic roof top installations and commercial solar farms.  
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Figure 1.1 Estimated renewable energy share to the global electricity production. 22.1 % of the global 
electricity was produced from renewable energy. Solar PV supplied 0.7% to the total electricity 
produced by the end of 2013. Reproduced from [9].  
Figure 1.2 shows the growth rate of installed global PV power generation capacity since the 
beginning of the 21st century. However, like any other emerging technology, PV has challenges 
to overcome before growing in to a fully developed industry. In particular, the PV power generation 
cost relative to other energy sources will dictate the success of the PV technology. 
 
Figure 1.2 Annual global PV power generation capacity increase was 35% over the last decade. A 
total of 139GW of PV modules was installed by the end of 2013 and this is expected to increase by a 
further 43.5 GW by the end of 2014. Reproduced from [9]. 
Driven by technology advancements and with an increase in the manufacturing scale and 
sophistication, PV has shown an impressive price reduction over the last 20 years and is expected 
to reduce further in the following years [22]. The average retail electricity price from PV technology 
is constantly decreasing globally and is expected to be between $2.9 to $4.1 per watt peak power 
(Wp) in 2015 [23]. This cost depends on government subsides, module and installation cost, 
power conversion efficiency and, most importantly, R&D in PV technology. At the moment two big 
challenges face the PV industry: reducing the product development and manufacturing costs, 
scaling up and improving the power conversion efficiency - both of which are motivations for my 
research. 
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1.3 Significance of this work and original contribution 
PV technology is in a transition period, from early adoption to established commercial technology, 
and is looking to overcome its challenges to cut down its product development and manufacturing 
costs. Technology Computer Aided Design (TCAD) is a powerful tool for reducing product 
development costs by optimising PV designs and obtaining better understanding of limitations of 
the PV device performance. Instead of going through an expensive, time consuming, and iterative 
development process towards fabrication of PV products, computer simulation offers a rapid 
solution to predict the optical and electrical characteristics of a PV device using a variety of 
semiconducting technologies. As a result, TCAD has become a foundation of semiconductor 
device modelling for designing final products at a reduced cost.  
Novel routes to better use the solar spectrum have been continuously researched over the years. 
Recent research suggests that more light can be harvested by adding plasmonic structures in the 
PV devices [24]. Plasmonics is a study of interaction between electromagnetic waves (light) and 
a plasma of strongly coupled free electrons in metals. This work investigates the performance of 
plasmon enhanced PV devices using TCAD software. PV technology based on amorphous silicon 
and polymer solar cells was chosen to investigate the performance of plasmonic PV devices.  
The major contributions to the advancement of the state of art through the work detailed in this 
thesis include: 
 Development of a plasmon enhanced thin film PV model to simultaneously model and 
characterise optical and electrical properties. 
 Characterisation of the plasmonic effect on the performance of thin film solar cells using 
the finite difference time domain (FDTD) method.  
 Integration of optical and electrical properties of the plasmon enhanced thin film PV 
devices using finite element method. 
 Development of a material library for polymer PV devices using Silvaco Atlas. 
 Experimental characterisation of optical and electrical effects of plasmonic structures on 
polymer PV devices. 
 Outlining the sustainability of plasmon enhanced PV cells for next generation PV 
technology and proposals for future applications. 
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1.4  Structure of the Thesis 
A brief overview of the photovoltaic technology, semiconductor physics and the working principle 
of the solar cells is presented in Chapter 2. This chapter describes the state of the art and different 
generations of the photovoltaic technologies available in market and its on-going research. The 
chapter also covers the semiconductor device physics and the operation of the solar cells. 
Plasmonics theory is introduced and its application for improved performance for solar cells is 
explained. Light trapping techniques is introduced based on the plasmonic structures. Finally 
literature review based on plasmonic thin film photovoltaics was presented.  
The experimental and theoretical methods used to conduct the research projects are described 
in Chapter 3. The device fabrication, characterisation and hardware setup and software settings 
are described. The TCAD modelling package Silvaco Atlas used to simulate plasmon technology 
based thin film photovoltaic devices is also briefly presented.  
The optoelectronic modelling of plasmonic thin film amorphous silicon photovoltaic devices is 
described in Chapter 4. The chapter introduces the incorporation of plasmonic structures in the 
device architecture. The light trapping techniques based on the plasmonic structure is also 
described and analysed using the simultaneously modelled optical and electrical property of thin 
film photovoltaics.  
In Chapter 5, the optimisation of the plasmonic structures in the different position of the device 
architecture is carried out by tuning the size and pitch distance of the metal nanoparticles. Both 
optical and electrical data is analysed to understand the light trapping phenomenon. We also look 
at the enhancement as well as the degradation process in the photovoltaic devices upon the 
incorporation of the plasmonic structures. 
Chapter 6 describes the experimental characterisation of the optical and electrical effects of 
plasmonic structures on performance of the organic PV devices. We also describe the plasmonic 
effect using a plasmon based organic photovoltaic optoelectronic model. 
The final chapter presents the conclusion of the research project and summarises the 
accomplishments and outcomes. This section also contains the outlook and further developments 
following the project. 
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Chapter 2 State of the Art in Photovoltaic Technology 
2.1 Photovoltaic (PV) Technology 
Photovoltaics (PV), also known as solar cells, convert solar energy directly into electrical power 
using semiconductor materials which exhibit the photoelectric effect.  
2.1.1 Photovoltaics History 
This section briefly discusses the history of photovoltaic research and technology advances 
which have occurred from the beginning of 20th century. More details can be found in references 
[1, 2]. Photovoltaic devices work on the principle of the photoelectric effect which was explained 
by Albert Einstein in 1905. The photoelectric effect is a phenomenon which creates current or 
voltage in a semiconductor material under exposure to light. In the late 1930s, the theory of the 
metal-semiconductor barrier was developed by Walter Schottky, which forms the basis for 
semiconducting devices such as diodes and transistors. In 1954, the Bell Laboratory in New 
Jersey USA announced the invention of a silicon based solar cell with a power conversion 
efficiency of 6%. In 1960, Hoffman Electronics announced a 14% efficient solar cell, and during 
the space race of the 1960s and 1970s, silicon solar cells were developed for powering 
satellites. In 1979, ARCO Solar dedicated a PV factory to making silicon crystal ingots, wafers, 
PV cells and modules, which lead to the world first 1 MW grid-connected PV installation in 1982.  
Historically, crystalline Si (c-Si) has been the dominant semiconductor material for PV 
applications, benefiting from the abundance of its core material and the advances in 
manufacturing inherited from the silicon microelectronics industry. In 1985, Prof. Martin A. 
Green from Australia’s University of New South Wales created silicon solar cell with 20% 
efficiency, and invigorated research into silicon PV technology. While c-Si has many 
advantages, it is a relatively weak absorber of light, requiring an active layer 200-300 µm thick 
to fully absorb sunlight. As a result 50% of the total cost of a c-Si solar cell is due to materials 
and the remainder is to the cell production and module fabrication [3].  
In contrast, thin-film (TF) PV cells, with thicknesses of several microns have been developed 
with lower processing costs, but also lower efficiency [4, 5]. In addition to devices for the 
traditional power grid markets, TF solar cells have also been developed on flexible plastic 
substrates and building integrated glass platforms. The main TF PV technologies such as 
cadmium telluride (CdTe), copper indium gallium selenide (CIGS), poly silicon and amorphous 
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silicon have gained research development and are in the early market development stage [4, 6]. 
Some of the commercial TF PV companies, such as First Solar, have enjoyed tremendous 
success, particularly in producing devices based on CdTe [7]. Building on the experience of the 
silicon microelectronics industry, TF Si solar cells have the longest commercial history of the TF 
technologies [8, 9]. In this case, TF silicon cells are constructed using polysilicon or 
hydrogenated amorphous silicon (a-Si:H) materials [8]. 
There are other emerging PV technologies, such as organic-, dye-sensitized- and perovskite-
solar cells, which are gaining tremendous research interest and show potential towards 
commercialisation in the future [10-12].  
2.1.2 PV Technology Classification and Current Status 
PV technologies are classified into four generations, depending on the basic material used and 
the level of commercial maturity [13]. Table 2.1 compares the major PV technologies which are 
currently commercialised or in the research and development stage.  
 First-generation (1G) PV systems use wafer-based crystalline silicon (c-Si) 
technology, either as single or mono crystalline (sc-Si) or multi crystalline (mc-Si) silicon 
[14]. This technology is fully developed and currently dominating the PV market share. 
 Second-generation (2G) PV systems are based on TF PV technologies and generally 
include three main families: 1. Amorphous (a-Si:H) and poly crystalline (pc-Si) silicon; 2. 
Cadmium-Telluride (CdTe); and 3. Copper-Indium-Selenide (CIS) and Copper-Indium-
Gallium-Diselenide (CIGS). This technology is currently developing and is gaining its 
market share in the PV industry [7].  
 Third-generation (3G) PV systems include technologies, such as concentrating PV 
(CPV) and organic (OPV) and Dye-sensitize (DSSC) solar cells [15, 16]. This 
technology is progressing through research and development.  
 Fourth-generation (4G) PV systems are based on nanomaterials such as quantum 
dots, nanotubes, or perovskites, mixed with organics to produce hybrid organic-
inorganic compounds [17]. This technology is currently under early research 
development.  
Figure 2.1 shows the global annual PV technology market share by the end of 2013 [18], 
where the global annual PV production by different technologies was approximately 39 GW. 
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Of this, 1G technology, through sc-Si and mc-Si PV, accounted for approximately 13.9 GW 
and 21.3 GW respectively. 2G technologies accounted for 3.9 GW, where CdTe dominates 
with 1.9 GW of annual PV production capacity, a-Si:H and CIGS provide 0.8 GW each and 
poly silicon produces 0.4 GW. The 3G CPV technology accounted for 0.3 GW of global 
annual PV production capacity. 
 
Figure 2.1 Global annual PV market share based on technology by end of 2013. First-generation 
silicon PV technology accounted for 90% of total market share and second-generation thin-film 
technology accounted for remaining 10%. Reproduced from [18]. 
Although the 1G PV technologies are dominant in market share, the 2G, 3G and 4G technology 
have the advantage of using thin-films of semiconducting layers. The price breakdown of the PV 
modules for 1G technology suggests that 50% of the cost is due to the material cost of silicon 
wafer, while in TF PV technologies materials account for an average of 30% of the final module 
production cost [13]. Table 2.1 shows that the PV module cost of thin-film technologies is 50% 
lower than the 1G silicon technologies. As a result the market share of TF PV technologies is 
increasing annually and by the end of 2013 its market share was 10%.  More information of the 
cost calculations for all the PV technologies can be found in reference [13].   
Table 2.1 shows that the efficiency of the different PV technologies gradually decreases going 
from lab scale devices to industrial modules. The efficiency of the best research cells also 
decreases from 1G Silicon technology to 2G thin-film technologies, with the exception of 3G 
CPV and 4G Perovskite Technology. This decrease is due to relatively poor electrical and 
optical properties in the thin film semiconductors compared to silicon.  
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Table 2.1 An overview and comparison of major PV technologies and its current commercial status. Reproduced from [13, 19, 20]. 
 1st Generation 2nd Generation 3rd Generation 4th Generation 
Technology Units Single or 
mono 
crystalline 
(sc-Si) 
Silicon 
Multi 
crystalline 
(mc-Si) 
Silicon 
Amorphous 
(a-Si:H) 
Silicon 
Single 
/ Tandem 
Poly 
crystalline 
silicon 
(ps-Si) 
Copper 
Indium 
Gallium 
Diselenide 
(CIGS) 
Cadmium 
Telluride 
(CdTe) 
III-V 
compound 
Multijunction, 
Concentrated 
PV (CPV) 
Dye-
sentizied 
(DSSC) 
Organic 
or 
Polymer 
(OPV) 
Quantum 
Dot 
Perovskite 
Best research 
solar cell 
efficiency 
% 25.6 20.4 10.4/13.4  11.0 21.7 21.0 44.7 11.9 11.1 9.2 20.1 
Confirmed solar 
cell efficiency 
% 20-25 14-18 6-8 9.0-12.0 10-12 8-10 38-42 8-11 6-10 1-6 5-15 
Commercial PV 
Module efficiency 
% 15-19 13-15 5-8 9.0-10.5 7-11 8-11 26-32 5-10 2-4 - - 
Confirmed 
maximum PV 
Module efficiency 
% 23 16 7.1/10.0 10.5 12.1 11.2 36.7 8.8 9.5 - - 
Current PV 
Module Cost 
$/W <1.4 <1.4 ~0.8 ~0.8 ~0.9 ~0.55 ~2.2 0.88 ~1.0 - - 
Market Share in 
2013 
% 36% 54% 2 1 2 5 - - - - - 
Maximum PV 
Module output 
power 
WP 320 320 300 120 120 120 120 - - - - 
PV Module size m2 2.0 1.4-2.5 1.4 1.0 0.6-1.0 0.72 - - - - - 
Status of 
commercialisation 
 Mature/large-
scale 
production 
Mature/large-
scale 
production 
Medium 
scale 
production 
Medium 
scale 
production 
Medium 
scale 
production 
Medium 
scale 
production 
Small scale 
production 
R&D 
phase 
R&D 
phase 
R&D 
phase 
R&D 
phase 
Cost per Watt per 
Efficiency 
$/kWh 0.060 0.087 0.112/0.080 0.076 0.074 0.049 0.060 0.10 0.10   
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Looking at the future prospects of TF PV technology, there is a big challenge in improving 
efficiency and reducing manufacturing costs simultaneously, in order to see this technology 
competing against established 1G silicon technology. Both of these challenges can be tackled 
by better design and by optimising the TF PV device structure using advanced engineering tools 
such as TCAD, and by performing extensive testing using computer simulations prior to device 
fabrication. The semiconductor layer thickness plays an important role in the overall cost of the 
PV module especially with regards to the absorption of light. Computer modelling of ultra-thin-
film PV cells is essential to understand the optical and electrical behaviour and to optimise the 
light absorption in next generation of TF PV cells. 
2.2 Semiconductors 
This section briefly discusses the semiconductor materials used in the PV and describes the 
operation of the diode which is the basic building block of a PV. More detailed information can 
be found in references [21-23]. 
A semiconductor is the primary building block of any optoelectronic device. The energy 
bandgap diagram of a typical semiconductor is shown in Figure 2.2, which consists of a ground 
energy state (valence band (VB) or HOMO) and a excited energy state (conduction band (CB) 
or LUMO) separated by the bandgap (𝑬𝒈) of the semiconductor. The electron affinity (𝝌) is the 
energy gained by adding an electron from the vaccum level to the conduction band of the 
semicondctor and is dependent on the lattice crystal strutcture of the element. The Fermi 
energy (𝑬𝒇) of the semiconductor represents the energy at which the probability of finding a free 
charged carrier is 𝟏 𝟐⁄ , and is usually half way between the valence and conduction band for an 
ideal undoped material. 
 
Figure 2.2 Energy bandgap diagram of a typical semiconductor. 
14 
 
At T=0K and in the absence of an electric field, the valence band is completely occupied and no 
charge carriers are present in the conduction band, making the semiconductor behave like an 
insulator. The charge carriers from the valence band can be excited to the conduction band 
either by applying thermal or optical energy greater than the bandgap energy. 
Silicon (Si), a group IV element, has four valence electrons, with a bandgap of 1.12 eV and an 
intrinsic carrier concentration (𝒏𝒊) of 1.4 x 1010 cm-3. The pure state of silicon is intrinsic in 
nature and contains no electrically active impurities to the crystal lattice structure. In order to 
change the electronic properties, i.e. charge carrier concentration and conductivity, dopants 
also known as impurities are added to the intrinsic silicon. These dopants are added during 
silicon crystal growth and each dopant atom substitutes for one of the silicon atoms, forming 
covalent bonds with the neighbouring atoms.  
Doping intrinsic silicon with group V elements (donors) such as Nitrogen, Phosphorous or 
Arsenic, with five Valence electrons, forms a covalent bond with four valence electrons of 
silicon. This leaves one extra negatively charged electron (𝒏) in the silicon lattice which can 
move freely through the lattice and contribute to charge transport. The presence of donors shifts 
the Fermi level of the silicon closer to the conduction band, making silicon n-type [Figure 2.3(b)].   
On the other hand doping intrinsic silicon with group III element (acceptors) such as Boron or 
Aluminium, which have three Valence electrons, is one short of the valence electrons required 
to form all covalent bonds with the four neighbouring silicon atoms. This creates a vacancy 
known as a hole (𝒑) in the silicon lattice, which can be visualised as a positively charged 
particle and which can move freely to participate in charge transport. The presence of acceptors 
shifts the Fermi level of the silicon closer to the valence band, making silicon p-type [Figure 
2.3(c)].  
Intrinsic silicon contains an equal number of electrons and holes and doping changes the 
majority charge carrier of the p-type and n-type silicon to holes and electrons respectively. The 
impurities increase the electrical conductivity of the poorly conductive silicon to that intermediate 
between non-conductors and metals, hence the name semiconductor. 
Figure 2.3 describes the band diagram, density of states 𝑵(𝑬), Fermi-Dirac distribution 𝑭(𝑬), 
and carrier concentration  (𝒏𝒊) for (a) intrinsic, (b) n-type, and (c) p-type semiconductors at 
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thermal equilibrium. To conserve charge neutrality Equation 2.1 needs to be satisfied where 𝑵𝑨 
and 𝑵𝑫 are the concentration of the ionised acceptors and donor states respectively; 𝑛 and 𝑝 
represents the electron and hole charge carrier concentrations respectively. The density of 
states 𝑵(𝑬) in a semiconductor determines the number of available electronic states per unit 
volume per a given energy range (𝒅𝑬) in the conduction and valence bands (Equation 2.2). The 
Fermi-Dirac function 𝑭(𝑬) describes the Fermi energy 𝑬(𝑭) in the semiconductor and the 
probability finding an electron or hole occupied at energy (𝑬) (Equation 2.3). The total carrier 
concentration (𝐧𝐭𝐨𝐭) in the semiconductor is obtained by overlapping of the density of states 
𝑵(𝑬) with the Fermi-Dirac function 𝑭(𝑬) for all the allowed energy (𝑬) (Equation 2.4-Equation 
2.6).  
 
Figure 2.3 (left to right) Schematic band diagram, density of states, Fermi-Dirac distribution, and 
carrier concentration for (a) intrinsic, (b) n-type, and (c) p-type semiconductors at thermal 
equilibrium. Note that 𝒏 ∙ 𝒑 = 𝒏𝒊
𝟐 is satisfied for all three cases. Reproduced from [23]. 
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The energy levels associated with the donor (𝑬𝑫) and acceptor (𝑬𝑨) dopants, associated with 
the ionised donor (𝑵𝑫) and acceptor (𝑵𝑨)  density of states, is present near the conduction 
band edge and valence band edge for n-type and p-type doped semiconductors respectively. 
Assuming that the dopants are fully ionised i.e. electrically active, the dopants density of states 
can be approximated to the doping concentration. Increasing the donor concentration moves 
the Fermi level towards the conduction band edge (𝑬𝑪) and increasing the acceptor 
concentration moves the Fermi level towards the valence band edge (𝑬𝑽) respectively. The 
effective donor (𝑵𝑪) and acceptor (𝑵𝑽) density of states corresponds to the conduction (𝑬𝑪) 
and valence (𝑬𝑽)  band edges respectively (Equation 2.4-Equation 2.5), where 𝒎𝒏 and 𝒎𝒑 are 
the effective mass of the electron and hole for the semiconductor. 
Equation 2.1 - Equation 2.6 describes the basic semiconductor equations used to charge 
neutrality, density of states, position of Fermi energy and charge carrier concentration of 
electron and hole respectively in an undoped and doped semiconductor.  
𝑛 + 𝑁𝐴 = 𝑝 + 𝑁𝐷 Equation 2.1 
𝑁(𝐸)𝑑𝐸 = 4𝜋 (
2𝑚𝑛
ℎ2
)
3 2⁄
𝐸1 2⁄ 𝑑𝐸 
Equation 2.2 
 
𝐹(𝐸) =
1
1 + 𝑒𝑥𝑝 (
𝐸 − 𝐸𝐹
𝑘𝑇 )
 
Equation 2.3 
 
𝑛 = ∫ 𝑁(𝐸) ∙ 𝐹(𝐸)𝑑𝐸
∞
𝐸𝑐
= 𝑁𝑐  𝑒𝑥𝑝 − (
𝐸𝑐 − 𝐸𝑓
𝑘𝑇
) Where 𝑁𝑐 = 2 (
2𝜋𝑚𝑛𝑘𝑇
ℎ2
)
3 2⁄
  
Equation 2.4 
𝑝 = ∫ 𝑁(𝐸) ∙ 𝐹(𝐸)𝑑𝐸
𝐸𝑣
−∞
= 𝑁𝑣  𝑒𝑥𝑝 − (
𝐸𝑐 − 𝐸𝑓
𝑘𝑇
) Where 𝑁𝑣 = 2 (
2𝜋𝑚𝑝𝑘𝑇
ℎ2
)
3 2⁄
 
Equation 2.5 
𝑛𝑖
2 =  𝑛 ∙ 𝑝 =  𝑁𝑐  ∙ 𝑁𝑣  𝑒𝑥𝑝 (−
𝐸𝑔
𝑘𝑇
) 
Where 𝐸𝑔 = 𝐸𝑐 − 𝐸𝑣 Equation 2.6 
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The transport property in the semiconductor plays an important role in determining the 
electronic properties of opto-electronic devices. There two basic conduction mechanisms in the 
semiconductor are drift and diffusion.  
Drift current (𝑰𝒅) is the motion of charged carriers i.e. electrons and holes, under the influence of 
an electric field (𝜺). Drift current (𝑰𝒅) flows in the direction of the applied electric field (𝜺) or 
applied voltage (𝑽). Coulomb’s electric force (𝑭) is applied on the charged carriers in the 
semiconductor, which accelerates hole drift in the direction of applied electric field and electron 
drift in the opposite direction to the electric field. These particles collide with the thermally 
vibrating lattice atoms and ionised impurity atoms (dopants) which limits the drift velocity. The 
average time between the collisions is known as the mean free time (𝝉) and the average 
distance between the collisions is the mean free path. Drift velocity (𝑽𝒅) is used to describe 
mobility (𝝁) of the charge carrier in the semiconductor using Equation 2.7. The drift velocity 
saturates at very high electric field and is known as saturated drift velocity.  
𝑉𝑑 = 𝜇 ∙ 𝜀 =
𝐹 ∙ 𝜏
𝑚0
 
Equation 2.7 
 
𝐼𝐷𝑟𝑖𝑓𝑡 = 𝑛 ∙ 𝐴 ∙  𝑉𝑑 ∙ 𝑞 Equation 2.8 
Diffusion current (𝐼𝐷𝑖𝑓𝑓), on the other hand, is the motion of charges due to a change in the 
concentration. A gradient in concentration of charge carriers in the semiconductor provides a 
driving force for them to diffuse from high concentration to low concentration.  The current 
resulting from diffusion is proportional to the gradient in the charge carrier concentration and 
diffusion coefficient (𝑫) (Equation 2.9). 
𝐼𝐷𝑖𝑓𝑓 = 𝑞 ∙ 𝐷 ∙ 𝐴 ∙
𝑑𝑛
𝑑𝑥
 
Equation 2.9 
The total current density (𝑱𝑻𝒐𝒕𝒂𝒍) is described as the sum of drift and diffusion current density of 
both holes and electrons respectively (Equation 2.10). 
𝐽𝑇𝑜𝑡𝑎𝑙 = 𝑞 ∙ 𝜀𝑥  (𝑛 ∙ 𝜇𝑛 + 𝑝 ∙ 𝜇𝑝) + 𝑞 (𝐷𝑛
𝑑𝑛
𝑑𝑥
− 𝐷𝑝
𝑑𝑝
𝑑𝑥
) 
Equation 2.10 
Where 𝒏 and 𝒑 are the electron and hole carrier density, 𝝁𝒏 and 𝝁𝒑 are the electron and hole 
mobility, 𝑫𝒏 and 𝑫𝒑 are the election and hole diffusion coefficient and 𝒙 is the direction of the 
applied electric field 𝜺. 
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Generation and recombination of charge carriers in the semiconductor plays an important role in 
determining the optical properties of optoelectronic devices. Generation is a process whereby 
electrons and holes are created, while recombination is a process whereby electrons and holes 
are annihilated or destroyed.  
The generation of an electron and hole occurs when a bond in the lattice is broken either by 
light (photogeneration) or by heat (thermal generation). In this process the excitation of the 
bound electron takes place from the Valence band to the conduction band, leaving behind a 
hole in the valence band. Under the influence of an electric field, both the electron and hole can 
then move freely in the semiconductor. The photogeneration process in the semiconductor is 
related to the absorption of light particles in the semiconductor. Light particles are made up of 
packets of energy called photons whose energy depends on the frequency (𝒇) or wavelength 
(𝝀) of the light. The Plank-Einstein equation relates the energy of a photon (𝑬𝒑𝒉) to its 
frequency (Equation 2.11). 
𝐸𝑝ℎ = ℎ𝑓 =
ℎ ∙ 𝑐
𝜆
 
Equation 2.11 
 
When an incident photon hits the semiconductor, there are several outcomes. Photogeneration 
in the semiconductor occurs only when the energy of the absorbed photon is more than the 
bandgap energy of the semiconductor. Figure 2.4 shows the photgeneration process under 
different photon enegies.  
 
Figure 2.4 Photogeneration processes in the semiconductor upon irradiation incident photons with 
different energies. 
The complex refractive index (Equation 2.12) of the semiconductor relates to the absorption of 
photons during the photogeneration process. The real part (𝒏) of the refractive index describes 
the reflection from the semiconductor and the imaginary part (𝒌) describes the absorption in the 
semiconductor. The imaginary reflective index (𝒌) is used to define the absorption coefficient 
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(𝜶) of the semiconductor (Equation 2.13). Both the real and imaginary refractive index is 
wavelength dependent. 
ñ = 𝑛 − 𝑖𝑘 Equation 2.12 
𝛼 =
4 𝜋 𝑘
𝜆
 
Equation 2.13 
 
The recombination of electrons and holes occurs due to imperfections and crystal defects in the 
semiconductor lattice structure and are classified as either radiative or non-radiative 
recombination. Radiative recombination (band-to-band recombination) occurs when an electron 
from the conduction band recombines with a hole in the valence band and the excess energy is 
emitted in the form of a photon (Figure 2.5(a)). Nonradiative recombination occurs when an 
electron in the conduction band recombines with a hole in the valence band and the excess 
energy is emitted in the form of heat (phonons) in the semiconducting crystal lattice (Figure 
2.5(b)). Semiconductors with defects states in their crystal structure give rise to allowed energy 
levels (𝑬𝑻) in the bandgap. These allowed energy levels in the semiconductor are likely to be 
non-radiative recombination centres. 
 
Figure 2.5 (a) Radiative recombination of an electron and hole resulting in emission of light in the 
form of a photon, and (b) non-radiative recombination of an electron and hole resulting in emission 
of heat in the form of phonon. 
As a result of the recombination process, charge carriers in the semiconductor have a 
characteristic life time (𝝉) and a characteristic diffusion length (𝑳), over which the minority 
carriers will diffuse before recombining with the majority carriers. The diffusion length of charge 
carriers is proportional to the diffusion coefficient (𝑫) and life time (𝝉) (Equation 2.14). 
𝐿 = √𝐷 ∙ 𝜏 Equation 2.14 
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2.2.1 Silicon and Amorphous Silicon 
This section briefly discusses forms of silicon semiconductor material used in the TF PV by 
comparing their atomic structure, density of states, optical and electrical properties and doping 
concentrations. More detailed information can be found in reference [21]. 
Figure 2.6 illustrates the differences in the atomic structure between single crystal silicon and 
hydrogenated amorphous silicon (a-Si:H). Figure 2.6(a) shows the crystal lattice structure of 
single crystal silicon, where each Si atom is covalently bonded to four neighbouring Si atoms. 
All the lengths and the angles between the bonds are equal giving rise to atomic structure with a 
long range order. Figure 2.6(b) illustrates the crystal lattice structure of hydrogenated 
amorphous silicon, where long range order in the lattice structure is absent. The difference in 
the bond lengths and bond angles between the neighbouring atoms leads to a completely 
random network structure. The different bond lengths and angles results in weak and strained 
bonds in the lattice structure. These weak bonds can easily break and form defects. Dangling 
bonds are the unpaired electrons in the a-Si:H and are passivated by Hydrogen. Hydrogenation 
of the amorphous silicon supresses the density of unpassivated bonds and reduces the total 
density of defect states.  
 
Figure 2.6 Schematic representation of the atomic lattice structure of (a) single crystal silicon (b) 
Hydrogenated amorphous silicon. 
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The energy band and the density of states of the a-Si:H cannot be precisely determined, in 
energy as compared to crystalline silicon, due to the presence of the defect states. However, an 
approximation can be made to describe the a-Si:H density of states. Figure 2.7(a) shows the 
distribution of the density of states for single crystalline silicon, where the valence and 
conduction band edges are separated by a bandgap of 1.12 eV. There are no allowed energy 
states in the bandgap for crystalline silicon. Figure 2.7(b) shows the continuous distribution of 
density of states in the a-Si:H. Due to the disordered nature of the a-Si:H, the energy states of 
the valence and conduction band extend into the bandgap, forming tail states. The width of the 
tail bands is a measure of the amount of disorder in the a-Si:H. The dangling bonds in the a-
Si:H form mid-bandgap states known as mid-gap states or deep defect states. The classical 
definition of the bandgap is not applied to the a-Si:H semiconductor as a result of the tail and 
bump states. As a result, the difference between the edges of the valence and conduction 
bands is considered as an effective bandgap. The effective bandgap of a-Si:H is more than that 
of the crystalline silicon (1.12 eV) and has an approximate valve of 1.75 eV. The presence of tail 
and bump states in a-Si:H affects the electronic properties and life-time of charge carriers. The 
tail states act as charge carrier trapping centres and the mid-gap states act as recombination 
centres.  
 
Figure 2.7 Density of states in (a) crystalline silicon, and (b) hydrogenated amorphous silicon. 
The optical properties of crystalline and amorphous silicon are characterised by the absorption 
coefficient (𝜶) and the value of the optical bandgap. Figure 2.8 compares the absorption 
coefficients of a-Si:H and c-Si [24]. At 500 nm wavelength, the absorption coefficient of a-Si:H is 
10 times more than that of the crystalline silicon, and this higher coefficient persists for most of 
the visible wavelengths (from approx. 400 to 700 nm). The higher absorption coefficient is due 
to the disorder in the atomic structure of the a-Si:H. Consequently, a-Si:H is more efficient in 
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absorbing visible light compared c-Si and is therefore the preferred semiconductor for thin film 
PV cells. The optical bandgap of the semiconductor (𝑬𝒐𝒑𝒕) is determined by the cut-off 
wavelength of absorption coefficient (Equation 2.15). The cut-off wavelength of silicon and 
amorphous silicon is 1.13 µm and 0.71 µm, which correspond to optical bandgap of 1.12 eV and 
1.75 eV respectively.  
𝐸𝑜𝑝𝑡 =  
ℎ ∙ 𝑐
𝑞 ∙ 𝜆
 
Equation 2.15 
 
Figure 2.8 Absorption coefficient of crystalline and amorphous silicon. Reproduced from [24]. 
However, due to the presence of defect states, the electrical conduction performance of a-Si:H 
is orders of magnitude lower than that for c-Si. Table 2.2 compares the charge carrier mobility of 
crystalline and amorphous silicon. Just like, crystalline silicon, a-Si:H can be doped to change 
its electrical characteristics [21]. 
Table 2.2 Comparison of the charge carrier mobility of crystalline and amorphous silicon. 
Charge Carrier Mobility 
(𝑐𝑚2/𝑉 ∙ 𝑠) 
Crystalline Silicon Amorphous Silicon 
Electron 1500 1 
Hole 450 0.05 
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2.2.2 Semiconducting Theory 
This section describes the PN junction diode which is the basic building block of the PV device 
[1, 22, 23, 25]. 
A P-N junction diode is the integral building block of any PV device. Figure 2.9 shows the 
formation of a P-N junction diode by combining p and n type doped semiconductor (Si or a-Si:H) 
for a solar cell application. Photogeneration in the semiconductors results in the generation of 
charge carriers in the P-N junction. After the charge carriers are generated, the electrons and 
holes must be separated, and driven to separate electrodes, before they recombine. To avoid 
recombination, there needs to be a built-in asymmetry in the device which extracts charges in 
the external circuit. This asymmetry can be achieved by forming a P-N junction diode.  The 
electrons and holes are collected at the respective electrodes due to the built-in potential across 
the depletion region of the P-N junction. 
 
Figure 2.9 Energy band diagram of a P-N junction at equilibrium. Reproduced from [23]. 
Figure 2.10 shows the p-n junction formation with no bias applied, and consequently under 
thermal equilibrium conditions. Combining n-type and p-type a-Si:H causes a diffusion of 
majority charge carriers into the minority charge region, resulting in a diffusion current. The 
direction of the diffusion current is from p-type to n-type a-Si:H charged ions are formed in the 
n-type and p-type a-Si:H during the diffusion process: positive donor ions and negative acceptor 
ions are created in the n- and p- type a-Si:H respectively. A depletion region at the p- and n- 
type a-Si:H interface is formed due to the built-in potential 𝑽𝒃𝒊, which is induced by the electric 
field 𝑬𝒎 of the charged ions. The depletion region is also known as the space charge region, 
and is so called as this region is depleted of the mobile carriers. The electric field  𝑬𝒎 provides 
an opposing force to stop the further diffusion of charge carriers and as a result the majority 
charge carrier in the p- and n- type a-Si:H drifts into the depletion region, resulting in a drift 
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current. The direction of the drift current is opposite to the diffusion current. At equilibrium, the 
diffusion current balances the drift current, resulting in no net current output in the device. 
Figure 2.10 shows the charge density distribution, electric field and built-in potential in the 
depletion region of the P-N junction at thermal equilibrium. 
 
Figure 2.10 P-N junction diode at thermal equilibrium conditions. 
 Figure 2.11 compares the operation of a P-N junction diode under zero bias, forward bias and 
reverse bias conditions by comparing the change in the depletion region width and built-in 
potential. 
When a positive voltage is applied to the p-region, the diode is “forward biased” and when a 
negative voltage is applied to the p-region, the diode is “reverse biased”. In the forward bias, the 
applied external electric field due to the voltage (𝑽𝒇) opposes the built-in electric field. As a 
result, the net electric field at the junction is reduced, causing a decrease in the width of 
depletion region. The low electric field reduces the potential barrier height for the diffusion of 
carriers, allowing them to diffuse from one side to the other side resulting in an increase in the 
diffusion current and a decrease in the drift current. When the applied forward voltage (𝑽𝒇) 
equals the built-in potential (𝑽𝒃𝒊), the net electric field across the junction becomes zero 
allowing the full flow of diffusion current. Beyond the threshold voltage (𝑽𝒅) the current flows 
exponentially in the diode since there is no barrier and net electric field. 
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Figure 2.11 P-N junction diode under (a) zero bias, (b) forward bias and (c) reverse bias conditions. 
In reverse bias, the applied electric field due to the voltage (𝑽𝒓) is in the same direction as the 
built-in electric field. As a result, the net electric field at the junction is increased which leads to 
an increase in the depletion region width. The increased electric field across the junction also 
increases the potential barrier height for diffusion of carriers resulting in a decrease in the 
diffusion current and an increase in drift current. As a result, there is no current flow due to the 
majority charge carriers but a very small amount of current flows due to the minority charge 
carriers crossing the junction via thermal effects. However, the p-n junction breaks down at a 
certain applied voltage (𝑽𝒃) as the electric field is beyond a critical limit, allowing a large current 
flow through the diode. 
The built-in potential (𝑽𝒃𝒊) of the P-N junction is dependent on the doping concentration, where:  
𝑉𝑏𝑖 =
𝑘𝑇
𝑞
𝑙𝑛 (
𝑁𝐴 ∙  𝑁𝐷
𝑁𝑖
2 ) 
Equation 2.16 
The width (𝑾) of the depletion region of the P-N junction is related of the built-in potential (𝑽𝒃𝒊) 
𝑊(µ𝑚) = √
2 𝜀𝑟(𝑁𝐴 + 𝑁𝐷) ∙ 𝑉𝑏𝑖
𝑞 ∙ 𝑁𝐴 ∙  𝑁𝐷 
 
Equation 2.17 
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Figure 2.12 shows the typical current-voltage characteristics of a p-n junction diode under 
forward and reverse bias conditions. The I-V characteristics of a p-n junction diode are 
explained the using ideal diode equation (Equation 2.18). 
𝐼 = 𝐼0 [𝑒𝑥𝑝 (
𝑞𝑉
𝑛𝑘𝑇
) − 1] 
Equation 2.18 
 
Where, 𝑰 is the total current flow in the diode, 𝑰𝟎 is the reverse bias saturated current, 𝒒 is the 
elementary charge, 𝑽 is the applied bias voltage across the terminals, 𝒏 is the diode ideality 
factor, 𝒌 is the Boltzmann constant and 𝑻 is the absolute temperature. 
 
Figure 2.12 J-V characteristics of a p-n junction diode in forward and reverse bias conditions. 
2.3 Solar Cell Fundamentals 
This section discusses the operation and working principle of PV cells. More detailed 
information can be found in references [1, 22, 23, 25].  
A PV cell is an optoelectronic device which converts solar energy directly into electricity. The 
cell is a two terminal device which acts like a diode in the dark and generates photocurrent 
when illuminated. Typically a solar cell generates a dc photovoltage of 0.5 to 1.0 volt (V) and a 
photocurrent density of 10-50 milliamps per cm2 (mA cm-2). Although the current density is 
reasonable, the voltage is low for most electronic applications. Therefore, solar cells are 
connected together, in series in a module, to generate a useful dc voltage. A PV installation 
comprises of solar panels with solar modules connected in series and parallel in arrays to 
generate larger voltage and current output. The solar panels are connected to an inverter to 
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convert direct current (DC) into AC power, which is then either stored in a battery or integrated 
with the electricity grid.  
A solar cell typically includes other layers beside the active layer semiconductor, such as 
electrodes and window layers, which can also absorb incident light. Efficient solar cells minimize 
the losses due to reflection and absorption in the other materials to maximise the light 
absorption in the semiconductor. Figure 2.13 shows a block diagram of the PV cell which 
utilises a spatial asymmetry, of the p-n junction between the two electrodes, to drive the excited 
electrons through the external load circuit. The working principle and operation of the solar cell 
and p-n junction is explained in detail in section 2.3.1.  
 
Figure 2.13 The block diagram of the photovoltaic effect in a solar cell using the asymmetry due to 
the p-n junction to drive excited electrons through the external load circuit. Reproduced from [1].  
2.3.1 Physics of Solar Cells 
The working principle of a solar cell can be explained in four main steps: 
1. Absorption of a photon in the semiconductor: Solar energy in the form of photons hits the 
solar cell and is absorbed in the semiconductor material or reflected back from the different 
surfaces of the solar cell. 
2. Photogeneration of electron-hole pairs: If the energy of the photons is more than the bandgap 
of the semiconductor, an electron is excited to the conduction band of the semiconducting 
material which gives rise to a hole in the valence band. These charged carriers can then move 
through the device across a built-in electric field. In the absence of a built-in electric field, the 
electron and hole will recombine and will emit either a photon or phonon.  
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3. Dissociation of electron-hole pair: The excited electrons and holes can be dissociated by a 
built-in potential formed due to the p-n junction in the solar cell. 
4. Current generation: The electrons and holes drift in the device and are extracted by applying 
a potential across the electrodes.  
There are losses during all the four steps which contribute to the decrease in the cell efficiency. 
The main losses are described as reflection losses, thermodynamic efficiency, charge carrier 
separation efficiency and charge collection efficiency [15, 26]. 
Figure 2.14 shows a schematic of typical silicon based thin-film PV cell device architecture. The 
glass cover is used as the substrate of the thin-film PV cell which is coated by an anti-reflection 
coating (𝑨𝑹𝑪) to minimise light reflection. A semi-transparent electrode or contact grid is used 
as the top electrode and either a p-n or p-i-n or n-i-p junction of a-Si:H is deposited as the 
semiconducting layer. A metal back electrode is used to complete the device architecture of the 
TF silicon PV cell.  
 
Figure 2.14 Typical photovoltaic cell device architecture based on thin-film silicon technology. 
Reproduced from [27]. 
The equivalent circuit model of the solar cell (Figure 2.15) can be fully explained using 
commonly used electrical components. An ideal solar cell contains a current source 𝑰𝑳 in 
parallel with a diode with no parasitic resistance. However, a typical solar cell includes parasitic 
resistances such as a series resistance 𝑹𝒔 and a shunt resistance 𝑹𝒔𝒉. The series resistance is 
due to the bulk resistance of the complete device architecture and is desired to be as low as 
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possible. The shunt resistance is the resistance against the leakage through the diode and is 
desirable to be as high as possible to block the leakage current 𝑰𝒔𝒉 between the two terminals.  
 
Figure 2.15. Equivalent circuit model of a typical solar cell including parasitic resistances. 
Applying Kirchhoff’s current law to Figure 2.15, gives the current 𝑰 generated by the solar cell. 
𝐼 = 𝐼𝐿 − 𝐼𝐷 − 𝐼𝑠ℎ Equation 2.19 
Where 𝑰 is the output current, 𝑰𝑳 is the photogenerated current, 𝑰𝒅 is the diode current and 𝑰𝒔𝒉 is 
the leakage current. In the presence of light, the ideal diode equation of the solar cell is shown 
in Equation 2.20. In the absence of light, the photogenerated current 𝑰𝑳 is zero. 
𝐼 =  𝐼𝐿 −  𝐼0 [𝑒𝑥𝑝 (
𝑞𝑉
𝑛𝑘𝑇
) − 1] 
Equation 2.20 
 
After adding the parasitic resistance of the solar cell, the characteristic equation is show in 
Equation 2.21, where 𝑹𝒔 is the series resistance and 𝑹𝒔𝒉 is the shunt resistance. 
𝐼 =  𝐼𝐿 −  𝐼0 [𝑒𝑥𝑝 (
𝑞(𝑉 + 𝐼𝑅𝑠)
𝑛𝑘𝑇
) − 1] −
𝑉 + 𝐼𝑅𝑠
𝑅𝑆𝐻
 
Equation 2.21 
 
Figure 2.16 shows the current-voltage (I-V) output characteristics of a typical solar cell under 
the illumination of light. The photogenerated current of the solar cell is dependent on the area of 
the device, and a more useful quantity than current (𝑰) is the current density (𝑱) which gives the 
current per unit area. The output characteristics, as shown in Figure 2.16, determine the power 
conversion efficiency (η) of the solar cell. When the solar cell is operated at short circuit, at zero 
bias voltage (𝑽 = 𝟎), the terminal current is defined as the short-circuit current density (𝑱𝒔𝒄). 
When the solar cell is operated at open circuit (𝑱 = 𝟎), the voltage across the terminals is 
defined as open-circuit voltage (𝑽𝒐𝒄). The maximum power point of the solar cell determines the 
fill factor (𝑭𝑭) of the solar cell. The fill factor limits the separation and extraction of the 
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photogenerated charges in the device. The fill factor in the J-V curve depends on the parasitic 
resistances 𝑹𝑺 and 𝑹𝑺𝑯 of the solar cell device, and is always less than 1. 
 
Figure 2.16 Current density-Voltage (J-V) curve of a typical solar cell with labelled output 
characteristics. 
The fill factor of the device is calculated using Equation 2.22 
𝐹𝐹 =
𝐽𝑚 ∙ 𝑉𝑚
𝐽𝑠𝑐 ∙ 𝑉𝑜𝑐
 
Equation 2.22 
 
Where 𝐽𝑚 and 𝑉𝑚 are the current density and voltage at the maximum power point (𝑃𝑚), 
respectively. 
The power conversion efficiency of the solar cell is the ratio of the maximum power output to the 
input power (𝑷𝒊𝒏), which is the incident energy in the form of sunlight.  
𝜂 =
𝑃𝑚
𝑃𝑖𝑛
=
𝐹𝐹 ∙  𝐽𝑠𝑐 ∙  𝑉𝑜𝑐
𝑃𝑖𝑛
 
Equation 2.23 
 
The power conversion efficiency (𝜼) of the solar cell is dependent on 𝑭𝑭, 𝑱𝒔𝒄 𝒂𝒏𝒅 𝑽𝒐𝒄 by 
optimising all the three parameters the solar cell efficiency can be improved. 
Since the efficiency of the solar cell is dependent on the illumination input power, the 
illumination condition needs to be standardised. One of the most common illumination 
standards is air mass (AM) 1.5 global, which corresponds to the path length of sun illumination 
after crossing an 1.5 times atmospheric thickness of  earth. The path length of the sun changes 
across latitude, time of the day and time of the year (seasons). For space based solar cells, 
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AM0 spectrum is used for characterisation; at the equator, AM1 (for the sun directly overhead) 
is used. Since most of the solar panels are based at temperate latitudes, the AM1.5G solar 
spectrum is used as the standard for characterisation of solar cell efficiency, which corresponds 
to an incident angle of 48.2° and a total power density of 1kW/m2. Figure 2.17 shows the 
irradiation power density of the AM1.5G solar spectrum which is divided into ultraviolet (UV), 
visible (Vis) and infrared (IR) spectra. The maximum photon flux, which defines the number of 
photons per unit area per second, is at a maximum for the visible light spectrum and decreases 
for the infrared light spectrum. Hence, it is important to absorb as much as visible light as 
possible to maximise photocurrent in a solar cell.  
 
Figure 2.17 Irradiance power density of the AM1.5G solar spectrum. Reproduced from [28].  
The other useful figure of merit for solar cell characterisation is the quantum efficiency of the 
device. There are two types of quantum efficiencies: the external quantum efficiency (EQE) and 
the internal quantum efficiency (IQE). The EQE is the ratio of the number of charge carriers 
extracted by the solar cell electrodes to the number of incident photons of a given energy 
(IPCE) in the AM1.5G solar spectrum. Ideally, every absorbed photon produces one collected 
electron, but optical and recombination losses limit the EQE to <100%. The IQE is the ratio of 
the number of charge carriers generated in the solar cell to the number of absorbed photons of 
a given energy in the AM1.5G solar spectrum. 
Efficient solar cells need to absorb the solar spectrum with minimal losses and efficiently 
separate the produced charge carriers for external collection. This thesis deals primary with the 
first challenge, to minimise losses by light reflection from the thin film solar cell. Thin film solar 
cells have been designed incorporating nano-structured materials to increase light absorption 
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within ultra-thin layers of semiconductor material and to minimise surface light reflections. 
Carrier collection is not explicitly addressed but the nanostructures are used do improve carrier 
collection efficiency in the solar cell devices. 
2.3.2 Inorganic and Organic Photovoltaics 
Conventional thin-film inorganic photovoltaics (IPVs) are made up of materials such as poly 
silicon, amorphous silicon, CdTe and CIGS. Recently research into organic solar cells or 
polymer solar cells has gained momentum [10]. Recent progress in the development of organic 
photovoltaics (OPV) has improved the power conversion efficiency from 3% to more than 10% 
across 10 years of research [10, 29-35]. OPV have the advantage over inorganic crystal solar 
cells in providing large-scale, flexible, and light weight PV technology at a low process cost, 
suitable for roll-to-roll manufacturing. 
The active layer of OPV devices made of organic semiconductors, which are carbon based 
materials (small molecules or long-chain polymers) with backbones of alternating C-C and C=C 
bonds. Delocalisation of 𝝅 and 𝝅∗ orbital electrons along the conjugated backbone of the 
organic materials is responsible for the semiconducting nature of the organics. Reviews of 
organic semiconductors for PV applications can be found in references [10, 36-38]. 
Due to differences in the material systems, the working principles of OPV and IPV cells are 
different. The most significant difference between IPV and OPV is the generation of charge 
carriers. The previous sections show that the absorption of photons in the IPV semiconductor 
results in the photogeneration of electrons and holes. In OPV, however, the absorption of 
photons results in the generation of excitons which are bound electron-hole pairs, held together 
through coulombic attraction. This occurs due to a low dielectric constant, 𝜀𝑟~2 − 4 compared to 
11.2 for typical inorganics such as silicon. The binding energy of the exciton is dependent on 
the dielectric constant and is in the range of 0.3-1eV. At low applied electric fields, the binding 
energy prevents exciton dissociation by the applied field, and will eventually result in the 
recombination of electrons and holes. In organic semiconductors, energy greater than the 
exciton binding energy is therefore required to break the exciton into separate electrons and 
holes. 
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Inorganic semiconductors have specified allowed energy states, a conduction band (𝑬𝑪) and a 
valence band (𝑬𝑽), which define the optical band gap. In organic semiconducting materials, the 
𝝅-band is fully occupied and the 𝝅∗-band is empty. The energy of the highest occupied 
molecular orbital (HOMO) corresponds to the top of the highest energy 𝝅 -band, and the energy 
of the lowest unoccupied molecular orbital (LUMO) corresponds to the bottom of the lowest 
energy 𝝅∗-band. The energy gap between the HOMO and LUMO band dominates the 
properties of the semiconductor. The difference between HOMO and LUMO corresponds to the 
optical band gap of the semiconducting polymer. The optical bandgap of the semiconducting 
polymers are typically between 1-4 eV. 
Unlike IPVs, OPVs are typically based on a combination of donor and acceptor organic 
materials instead of a p-n junction. In the OPV system, organic semiconducting polymers act as 
the donor material and fullerene derivatives acts as acceptor material. Excitons are generated in 
both the donor and acceptor material and diffuse to the donor-acceptor interface where the 
energy difference between the LUMO of the donor and the acceptor provides the driving force 
for the dissociation of the exciton into separate electrons and holes. The charge carriers are 
collected at the respective electrodes, where electron and hole transport via donor and 
acceptors respectively. In contrast to IPVs, where the open circuit voltage 𝑽𝒐𝒄 is dependent on 
the built-in potential across the depletion region, in OPVs the 𝑽𝒐𝒄 is dependent on the energy 
difference between the HOMO of donor and LUMO of the acceptor material (Figure 2.18). The 
energy band diagram and working principle of an OPV cell is described in Figure 2.18.  
 
Figure 2.18 Energy band diagram and working principle of a typical organic solar cell. Reproduced 
from [10]. 
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There are four different limiting factors which restrict OPV efficiency: exciton generation (𝜼𝑬𝑮), 
exciton diffusion (𝜼𝑬𝑫), exciton dissociation also known as charge transfer (𝜼𝑪𝑻), and charge 
collection  (𝜼𝑪𝑪) at the electrodes. The charge carrier transport in inorganic semiconductors is 
dependent on a drift-diffusion model, but, due to the conjugated nature of organic 
semiconductors, the charge carrier transport in the organic semiconductor is based on a 
hopping mechanism. The organic semiconductors used in the OPV are either polycrystalline or 
amorphous in nature. The charge carrier mobility of the organic semiconductor is limited to the 
length of the 𝜋 orbital overlap and the polymerization of the organic molecules. The charge 
carrier mobility in the organic semiconductors is in the range 0.1 − 1 𝑐𝑚2 ∙  𝑉−1𝑠−1. The life time 
of the excitons in the organic polymer is the order of few tens of nanoseconds and as a result 
excitons have to quickly reach the donor-acceptor interface, where they can be separated into 
electrons and holes. Due to the low exciton life time and poor charge carrier transport, a planer 
donor-acceptor bilayer structure is not efficient for charge separation and collection. A bulk 
heterojunction (𝑩𝑯𝑱) structure of donor-acceptor material is therefore used instead of bilayer 
structure. A schematic of the BHJ of a donor-acceptor material is shown in Figure 2.19, where 
the domain size of the donor polymer material is approximately 20 nm and the BHJ thickness is 
approximately 200 nm. As the exciton diffusion length in the organic polymer is approximately 
10-20 nm, it can diffuse to the nearest donor-acceptor interface for dissociation. Consequently, 
experimentally, the domain size of the BHJ needs to be optimised for efficient charge 
separation. The domain size is controlled using a different volume concentration of donor and 
acceptor material in the solvent. 
 
Figure 2.19 Schematic representation of the bulk heterojunction (BHJ) of the donor acceptor layer 
between the top anode and bottom cathode electrodes. The approximate domain size of the donor 
polymer is 20 nm and the BHJ thickness is approximately 200 nm. Reproduced from [10]. 
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The device structure of a typical OPV (Figure 2.20) consists of borosilicate glass substrate 
patterned with a transparent conductive oxide (TCO), such as Indium Tin Oxide (ITO) or 
Fluorine Tin Oxide (FTO). The BHJ active layer is sandwiched between buffer layers, such as a 
hole transport layer (HTL) (often PEDOT:PSS [10]) and an electron transport layer (ETL), such 
as Titanium Oxide (TiO2) [39], Zinc Oxide (ZnO) [40] or Bathocuproine (BCP) [41]. These buffer 
layers play an important role in the charge collection efficiency and selective charge carrier 
transport to the electrodes. The hole transport layer blocks the electrons and forms a Ohmic 
contact with the TCO layer [10]. The electron transport layer blocks holes and forms an Ohmic 
contact with the rear aluminium electrode. The chemical structures of typical organic polymers 
used in OPV are shown in Figure 2.21, and common acceptors, based on fullerene C60 and C70 
derivatives, are shown in Figure 2.22. 
 
Figure 2.20 Device structure of the conventional organic photovoltaic device. 
 
Figure 2.21 Chemical structure of typical donor organic polymer materials. 
 
Figure 2.22 Chemical structure of typical acceptor molecules based fullerene derivatives. 
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2.4 Plasmonics 
Plasmonic structures [42-47] are increasingly becoming incorporated into commercial products 
and technologies such as optical computing, optoelectronic devices, biological, medical and 
chemical sensors [48-52]. These emerging applications are a result of the unique features of 
plasmonic structures, including optical properties of absorbing and scattering light, which has 
led to extensive research in the field of optics and photonics. 
 
Figure 2.23 Examples of plasmonic structures, including (a) nanoparticle, (b) nanowire, and (c) 
nano ring. The dimensions of the plasmonic structures are in the sub micrometre-range.  
Figure 2.23 represents a family of plasmonic structures which can be divided in to sub-
categories of nanoparticles, nanowires and nano-rings. The dimensions of the plasmonic 
structures are typically in the sub-micrometre range, since the optical properties of these 
nanostructures are different from the bulk form. A metal nanostructure-dielectric boundary on a 
nanoscale produces considerable change in the optical property of the material and results in 
the modification of the local dielectric environment. Under the illumination of light, a type of 
resonance known as surface plasmon resonance (𝑺𝑷𝑹) is locally generated near the boundary 
between the metal nanostructure and the surrounding dielectric material, resulting in the 
enhancement of the electromagnetic field at the interface [47]. SPR is produced by light 
interaction with the plasmonic structure resulting in the collective oscillation of free electrons 
driven by the alternating electric field of an electromagnetic (𝑬𝑴) wave, also known as 
plasmons. These plasmons are localised near the metal-dielectric interface and hence are 
known as localised surface plasmon resonance (𝑳𝑺𝑷𝑹).  
Figure 2.24 gives a schematic of LSPR, where the free electrons on the surface of a metal 
nanoparticle are driven into oscillation due to strong coupling with the incident electric field of 
EM waves.  
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Figure 2.24 Surface plasmon resonance in a metal nanoparticle. Reproduced from [53]. 
These LSPR are excited by light interactions with the nanostructures in specific wavelength 
regions of the optical spectrum known as plasmon bands. The LSPR is expressed in the form of 
the extinction coefficient (𝑸𝒆𝒙𝒕), which is the sum of the absorption coefficient (𝑸𝒂𝒃𝒔) and the 
scattering coefficient (𝑸𝒔𝒄𝒂𝒕) of the nanostructure. LSPR coupling of light with metallic 
nanostructures generates a significant enhancement of the local electric field near the 
nanostructure interface [47]. The enhanced local field near the metallic surface has resulted in 
many applications such as surface-enhanced Raman spectroscopy (𝑺𝑬𝑹𝑺) and electronic linear 
and nonlinear optical spectroscopy [54, 55]. LSPR also leads to the increase in the light 
coupling into the optical modes of surrounding medium of the plasmonic structures [48]. The 
ability to efficiently manipulate and confine light at nanoscale dimensions opens up new design 
possibilities for solar cell applications [50].   
The optical properties of plasmonic structures can be understood by examining their resonance 
band and its intensity. The frequency and the amplitude of the plasmon resonance bands are 
sensitive to nanostructure shape, size and surrounding dielectric medium. There are three 
different modes associated with surface plasmon resonance.  
 Bulk Plasmons 
 Surface Plasmon Polaritons (𝑺𝑷𝑷). 
 Localised Surface Plasmon Resonance (𝑳𝑺𝑷𝑹). 
Bulk plasmons are generally observed in bulk metals, while 𝑺𝑷𝑷 are observed at metal-
dielectric interfaces and 𝑳𝑺𝑷𝑹 are generally observed in the metal nanostructure-dielectric 
interfaces. 
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The optical terminology [56] used in the literature review is briefly explained as follows. 
 Optical Cross-section 
The optical cross-section of a material is a measure of the intensity of the light that is absorbed 
or scattering by a material. When light hits a material, some of the photons are transmitted while 
others are scattered or absorbed. The optical cross-section is a measure of the effectiveness 
with which photons are absorbed or scattered. The sum of the absorption (𝑪𝒂𝒃𝒔) and scattering 
(𝑪𝒔𝒄𝒂𝒕) cross-section is referred to as the extinction cross-section (𝑪𝒆𝒙𝒕) which is the amount of 
light that is not transmitted through a sample. 
 Extinction 
Extinction (optical density) refers to the sum of all light that is absorbed and scattered by the 
sample. For a nanoparticle, incident light undergoes absorption and scattering phenomena 
which can be measured using a UV-visible spectrophotometer. The proportion of extinction due 
to scattering or absorption changes drastically for different size nanoparticles. Extinction can be 
expressed using the following equation, 𝐸𝑥𝑡𝑖𝑛𝑐𝑡𝑖𝑜𝑛 = −𝐿𝑜𝑔10(𝑇), where 𝑻 is the light 
transmission; and 𝑇 = 𝐼 𝐼0 ⁄ , where 𝐼 is the light intensity after passing through the sample and 𝐼0 
is the intensity of the incident light. 
 Optical Efficiency  
The optical efficiency or optical coefficient of a material is the ratio of the optical cross section 
and its geometrical cross section. Reporting optical efficiency rather than optical cross-section 
rescales the optical intensity by the nanoparticle size. Since both the optical and geometric 
cross-section has units of length squared, the optical efficiency is a unit-less parameter. The 
geometric cross-section of a spherical nanoparticle with radius r is given by 𝜋𝑟2. Extinction 
efficiency (𝑸𝒆𝒙𝒕) which is the ratio of extinction cross-section and its geometrical cross-section 
represents the strength of coupling between the nanoparticle and the incident light. 
 Albedo 
Albedo refers to the amount of light that is scattered by the material. Albedo is defined as the 
ratio of the scattering cross-section (𝑪𝒔𝒄𝒂𝒕) to the extinction cross-section (𝑪𝒆𝒙𝒕) and is also a 
unit-less parameter. 
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2.4.1 Optical Properties of Bulk Metals 
Plasmon response in a metal arises from the collective oscillations of surface electrons 
distributed from its equilibrium state. Such a disturbance is induced by incident EM waves 
(light), which cause the free electrons of the metal to coherently oscillate at a resonant 
frequency. For a bulk metal, the plasma frequency (𝝎𝒑) can be described as the following [45].  
𝜔𝑝
2 =
𝑁 𝑒2
𝜀0𝑚𝑒
 
Equation 2.24 
Where, 𝑁 is the number density of electrons, 𝜀0 is the dielectric constant of vacuum, 𝑒 is the 
charge of electron, and 𝑚𝑒 is the effective mass of an electron. Thus, the production of bulk 
plasmons is mainly dependent on the free electron density of the metal. When an EM wave is 
incident on the metal at a frequency less than the plasma frequency, the induced motion by the 
charge carriers screens out the incident EM field and the incident EM waves are reflected. If the 
frequency of the incident EM waves is more than the plasma frequency of the metal, the charge 
carriers are unable to respond quickly enough to screen out the incident field and the waves are 
instead transmitted. For bulk metals such as Au, Ag, Al, and Cu, the plasmon resonance occurs 
in the UV region resulting in the reflection of visible light, hence the use of these metals as 
mirrors [45]. 
Since the penetration depth of an EM wave incident on a metal surface is limited, only plasmons 
involving the surface electrons are significant and are known as surface plasmons [53]. If the 
surface plasmons are associated with an extended metal surface and an adjacent dielectric 
material, the plasmons are known as surface plasmon polaritons (𝑺𝑷𝑷). The SPP waves are 
propagating in nature and they decay exponentially into the metal-dielectric interface. The 
energy of the SPP modes is lower than the bulk plasmon frequency and is defined as, where 𝜀𝑚 
is the dielectric of the metal.  
𝜔𝑆𝑃𝑃 =
𝜔𝑝
√1 + 𝜀𝑚
 
Equation 2.25 
The plasma frequency for SPP modes is 𝜔𝑝 √2⁄  for a metal-air interface. 
 
 
40 
 
2.4.2 Optical Properties of Plasmonic Metal Nanoparticles 
The study of the optical properties of metal nanoparticles has been researched in physical 
chemistry, where Faraday investigated the optical properties of colloidal gold in the middle of 
the 18th century [57]. Since then there have been advancements in the synthesis of noble metal 
nanoparticles with a wide range of size, shapes and with many dielectric environments [58]. 
This section covers discussions of the optical properties of plasmonic metal nanoparticles. 
The optical properties of metal nanoparticles are different from the bulk metal causing a change 
in the optical, electronic and chemical properties. The change in the optical effect can be clearly 
seen in Figure 2.25. Bulk gold has its typical gold colour. In comparison, the Lycurgus cup, 
appears green in reflected light but red upon illumination of light within the cup. This occurs due 
to the presence of 50 nm gold nanoparticles in the cup’s coating [59]. The colour exhibited by 
the gold metal nanoparticles depends on the size and shape of the nanoparticle and the 
composition of its surrounding medium [58].  
 
Figure 2.25 The optical properties of (a) bulk gold and (b) the Lycurgus cup which is coated with 
gold nanoparticles. (c) The 50 nm gold nanoparticles in the cup emit red light under illumination 
with white light. Reproduced from [59]. 
Metal nanoparticles undergo LSPR under the illumination of light, where the oscillating free 
electrons are confined to a finite volume in the metal nanoparticles. The plasma frequency of 
the LSPR modes is approximated to 𝜔𝑝 √3⁄  for nanoparticles in the air [42].   
The relative permittivity or dielectric constant (𝜺𝒓) of a material is used to describe the optical 
property of the bulk material and is a complex quantity, given as  𝜀 = 𝜀1(𝜔) + 𝑖𝜀2(𝜔). The 
imaginary part of the dielectric constant represents the losses in the material and is generally 
ignored in the bulk material, but has to be taken in to consideration while describing the optical 
property of metal nanoparticles. The Drude model, also known as the free electron model, is 
widely used to describe the optical properties of metals and its approximation is shown in 
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Equation 2.26. The Drude model of the metal is described using the plasmon 
frequency (𝝎𝒑) and the damping coefficient (𝜸). The damping constant (𝜸) is related to the 
characteristic lifetime or the relaxation time of free electrons (𝝉) for metals. At room 
temperature, the characteristic lifetime for metals is of the order of 10-14 seconds, which relates 
to a damping frequency of 100 THz.  The real and the imaginary parts of the Drude equation are 
approximated to Equation 2.28-Equation 2.29 [43].  
𝜀𝑚(𝜔) = 1 −
𝜔𝑝
2
𝜔2 + 𝑖𝛾𝜔
 
Equation 2.26 
𝜔𝑝 = √𝑁𝑒2 𝜀𝑜𝑚𝑒⁄  𝑎𝑛𝑑 𝛾 = 1 𝜏⁄  
Equation 2.27 
 
𝜀1(𝜔)~ 1 −
𝜔𝑝
2
𝜔2
 
Equation 2.28 
 
𝜀2(𝜔)~ 
𝜔𝑝
2
𝜔3𝜏
 
Equation 2.29 
 
The polarisation of a nanoparticle 𝜶, with dimensions similar to the wavelength of light, is 
described in Equation 2.30 [43]. The resonance frequency and intensity of the LSPR is 
dependent on the dielectric constant of the metal (𝜺𝒎) and surrounding medium (𝜺𝒅), as well as 
the radius (𝒓) of the nanoparticle. The LSPR condition occurs when the resonance of the 
spherical nanoparticle (𝜶) is close to infinity. The resonant condition, when 𝑅𝑒[𝜀𝑚(𝜔)] = −2𝜀𝑑, 
determines the colour of the metal nanoparticles. For a typical glass substrate of refractive 
index 𝑛 = 1.5, the dielectric constant 𝜀𝑑 = 𝑛
2 is 2.25. The resonance condition is satisfied 
when 𝜀𝑚(𝜔) = −4.5. For silver and gold metals, this occurs in the deep violet (420 nm) and 
green (520 nm) regions of the EM spectrum respectively. The resulting colour of the silver and 
gold nanoparticles comes from the light transmitted by the nanoparticles after removing the 
violet and green component from the incident white light, producing yellow and red-purple 
colours respectively, as shown in Figure 2.26 [60].  
𝛼 = 4π𝑟3 [
𝜀𝑚(𝜔) − 𝜀𝑑
𝜀𝑚(𝜔) + 2𝜀𝑑
] 
Equation 2.30 
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Figure 2.26 (a) Silver (5-10 nm radius), and (b) Gold (10-20 nm radius) nanoparticles deposited on a 
glass substrate illuminated using white LED light. Reproduced from [60]. 
Plasmonic metal nanoparticles are commercially available [61-63] and can be bought in both 
aqueous solution and dried solid form. Figure 2.27 (a-b) shows silver and gold nanoparticles of 
different diameters dispersed in aqueous solutions. The optical density curves corresponding to 
the different diameter silver and gold nanoparticles are shown in Figure 2.27 (c-d) respectively. 
The peak resonant wavelength for the silver nanoparticles increases from 400 – 520 nm as the 
nanoparticle diameter increases, while for gold nanoparticles the increase occurs from 515 - 
560 nm. This resonant effect is generally observed between 5 - 150 nm radius nanoparticles.  
 
Figure 2.27 Plasmonic (a) Silver and (b) Gold nanoparticles in aqueous solution, and optical 
density of (c) Silver and (d) Gold nanoparticles corresponding to the different diameter 
nanoparticles. Reproduced from [62].  
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The plasmon resonance peak red shifts and the plasmon band broadens in the visible spectrum 
with the increase in the silver and gold nanoparticle size [Figure 2.27 (c-d)]. The physical origin 
of resonance in the nanoparticle is limited to the mean free path of the electron scattering, 
which changes the dielectric response and weakens the plasmonic effect, for small size 
nanoparticle. As the particle size increases, the phase of the free electron oscillations becomes 
mismatched with the electric field of the incident radiation, and results in the depolarization of 
the SPR which leads to a red-shift in the plasmon resonance peak and a broadening of the 
plasmon band. The red-shift and broadening of the plasmon band with increased nanoparticle 
size is an advantage for solar cell applications, since broadband light trapping can be achieved 
over the entire visible wavelength by incorporating nanoparticles with different dimensions [64]. 
As the nanoparticle size gets comparable to the wavelength of visible light, the optical phase 
gets mismatched, resulting in loss of the plasmonic effects. 
Any variation in the size and shape of the metal nanoparticle will alter its polarization and will 
consequently change the LSPR band position and intensity. Modelling of the optical properties 
of the metal nanoparticles can be used to quantify their plasmonic behaviour based on their 
shape, size and surrounding dielectric environment. There are two main methods to model the 
optical properties of plasmonic metal nanoparticles. 
 MIE Theory [65] 
 Discrete Dipole Approximation [53] 
 The interactions between the EM waves and the metal nanoparticles can be analysed by 
solving Maxwell’s equations. Gustav Mie developed a theory which gives the analytical 
solutions to Maxwell’s equations for the scattering of light by small particles [65]. MIE theory, 
also known as the Lorenz-Mie theory, is only valid for solving the scattering of light by a 
homogeneous spherical particle. When the EM wave interacts with the particle, the electron 
cloud in the particle oscillates with the electric field of the EM waves as described in Figure 
2.24. The oscillation of the electron cloud results in the periodic separation of charges within the 
particle which is known as an induced dipole moment. The oscillating induced dipole moment 
redistributes the EM radiation in the form of light scattering (Figure 2.28) [66]. The process of 
light scattering is a complex interaction between the incident EM wave and scattering material. 
The incident EM wave propagates through the nanoparticle and is either scattered forward or 
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back scattered. Some of the EM wave is also absorbed by the nanoparticle during the process. 
The frequency (𝒗𝒐) of the incident EM wave and the scattered wave is equal.  
 
Figure 2.28 Light scattering by an induced dipole moment produced in the nanoparticle by an 
incident EM wave. Reproduced from [66]. 
The electric field from the incident EM wave causes the free electrons in the metal to polarise, 
creating a dipole that switches direction with the change in electric field. When the plasma 
frequency of the dipole is approximately the same as the incident light, a resonance condition is 
reached, leading to constructive interference and the strongest plasmon effect. For spherical Au 
and Ag nanoparticles with radius less than 30 nm, dipole plasmon resonance is predominant; 
however, for larger particles, multiple dipole plasmon resonance such as quadrupole and 
octupole plasmon resonance is observed [67, 68]. 
Mie theory is limited to calculating the light scattering from spherical particles and consequently 
an advanced model, known as a Discrete Dipole Approximation (𝑫𝑫𝑨), was developed to 
calculate extinction, scattering and absorption coefficients for metal particles of arbitrary shape 
[53]. The DDA method is based on computational fluid dynamics, where the particle is 
subdivided into multiple arrays of polarisable cubes. Light interaction with the particle is 
calculated by computing the response of each dipole in the cube, allowing extinction, scattering 
and absorption coefficients to be calculated. This iterative process requires a significant amount 
of computational time and depends on the size and shape of the nanostructure and the 
dimension of the cube grid. As a result, a cloud computing based tool “nanoHUB” is used to 
calculate the extinction, scattering and absorption coefficients of single particles using MIE 
formulations [69]. This online tool is designed by Pennsylvania State Centre for Nanoscale 
Science and funded by the National Science Foundation (NSF), USA to support the National 
Nanotechnology Initiative (NNI) in 2010 [70]. The tool provides a detailed understanding of the 
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optical properties of spherical nanoparticles and their influence on the performance of TF PV 
devices via plasmonic phenomena.  
Figure 2.29 shows the extinction (black), absorption (red) and scattering (blue) coefficients of 
silver metal particles of arbitrary shape calculated using the DDA method. Figure 2.29 (a) shows 
the single dipole resonance peak at 420 nm wavelength for a 40 nm diameter silver 
nanoparticle, while the spectra for (b) a cube, (c) a tetrahedron, (d) an octahedron, (e) a 
triangular plate, and (f) rectangular bars exhibit multiple resonances and red-shifted resonance 
peaks [53].  
 
Figure 2.29 Extinction (black), absorption (red), and scattering (blue) spectra calculated for silver 
nanoparticles of different shapes using the DDA method: (a) a sphere, (b) a cube, (c) a tetrahedron, 
(d) an octahedron, and (e) a triangular plate. (f) Extinction spectra of rectangular bars with aspect 
ratios of 2 (black), 3 (red), and 4 (blue). Reproduced from [53].  
  
46 
 
2.4.3 Plasmonics for Improved Photovoltaic Devices 
2G thin-film (TF) PV devices are proving to be the emerging market for the photovoltaic industry 
due to the low cost and low material usage, compared to its counterpart 1G silicon PV devices 
[4, 15, 71]. The current challenge in 2G TF PV devices is to achieve the maximum absorption of 
solar illumination in a semiconductor layer of only a few micro-metres thick. Antireflection 
coatings (𝑨𝑹𝑪) such as random surface texturing and pyramidal surface structures were used 
to minimize the reflection within 1G silicon PV devices [3]. Typically however, pyramidal ARC 
surface structures are not applicable for TF PV because their dimensions are greater than the 
thickness of the active material, while random surface texturing causes increased surface 
recombination due to increased surface area [3]. Semiconducting materials tend to be less 
absorbing near the bandgap edge resulting in inadequate utilization of the solar spectrum, and 
hence the loss of either reflection or transmission of light. Plasmonic nanoparticles are proving 
to be a good solution to the above problem given their broadband antireflection properties and 
ability to enhance the coupling of light into the solar cell [50, 64, 72]. Due to the extraordinary 
optical properties of the plasmonic metal nanoparticles, intensive research has been undertaken 
to study plasmon enhanced performance of TF solar cells incorporating silicon [73], polysilicon 
[74], amorphous silicon [75], gallium arsenide [76], dye-sensitized materials [77] and organic 
[78].  
Plasmonic structures can be used to guide and localise light at the nanoscale, well below the 
wavelength of the light. As a result, plasmonic structures can improve the absorption of sunlight 
in the TF PV device by optimising the absorption of photons throughout the photoactive layer. 
Plasmonic structures can offer three routes to improve the performance in TF PV devices 
depending on the position of plasmonic structures, as shown in Figure 2.30 [50]. Metal 
nanoparticles can be used as scattering elements to trap light in the photoactive layer [Figure 
2.30(a)]. Metal nanoparticles can also be used as antennas, in which the plasmonic enhanced 
E-field is coupled in the semiconductor by increasing the localised absorption in the photoactive 
layer [Figure 2.30(b)]. Finally, metal grids on the back surface of the photoactive layer can be 
used to couple SPP modes at the metal/semiconductor interface [Figure 2.30(c)]. Light 
scattering is described as the far field plasmonic effect, while the plasmonic enhanced E-field is 
considered as a near field plasmonic effect, where the light concentration is localised around 
the nanoparticle.  
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Figure 2.30 (a) Light trapping by scattering light from the metal nanoparticles at the surface of the 
solar cell. Light is preferentially scattered and trapped in the photoactive later of the TF PV device 
by multiple and high angle scattering, causing an increase in the effective optical path length in the 
cell. (b) Light trapping by the excitation of LSPR in metal nanoparticles embedded in the 
semiconductor, resulting in the enhanced photogeneration localised in the semiconductor. (c) 
Light trapping by the excitation of SPPs at the metal/semiconductor interface. A back metal grid 
couples light to surface plasmon polaritons or photonic modes that propagate in the plane of the 
semiconductor layer, causing a boost in the light absorbing near the metal/semiconductor 
interface. Reproduced from [50]. 
Excited plasmons around the metal nanoparticle scatters light and couples the light into the 
optical modes of the semiconductor [Figure 2.31(a)]. When the nanoparticle is between the light 
source and a semiconductor layer, such as amorphous silicon, the light is preferentially 
scattered forward into the semiconductor [50]. The light is scattered at high angles into the 
semiconductor, increasing the absorption cross-section, and any unabsorbed light which 
reflects from the rear electrode can be further absorbed on its return path through the 
semiconductor. The optical path length of the scattered light is therefore increased in the 
semiconducting layer due to multiple, high angle internal reflections [Figure 2.30 (a)]. The 
incident light is trapped in the semiconductor resulting in an enhanced optical intensity in areas 
beneath the nanoparticle, increasing light absorption in the semiconductor layer [Figure 2.31(b)] 
 
Figure 2.31 (a) Excitations of localised surface plasmon resonance around the nanoparticle under 
sunlight. The scattered light is coupled into the optical waveguide modes of the semiconductor. (b) 
Increased light intensity in silicon beneath the metal nanoparticle is due to light scattering. 
Reproduced from [64]. 
48 
 
The diameters of the metal nanoparticles are much smaller than the wavelength of light (10 – 
100 nm diameter). The extinction of the nanoparticle is therefore explained using the point 
dipole model which describes the nanoparticle’s scattering and absorption cross-section [64]. 
The scattering (Equation 2.31) and absorption (Equation 2.32) cross-sections depends on the 
polarisation of the nanoparticle (𝜶) as described in Equation 2.30. Note that the extinction 
cross-section is the sum of the scattering and absorption cross-section (Equation 2.33). 
𝐶𝑠𝑐𝑎𝑡 =
1
6𝜋
(
2𝜋
𝜆
)
4
|𝛼|2 
Equation 2.31 
 
𝐶𝑎𝑏𝑠 =
2𝜋
𝜆
𝐼𝑚[𝛼] 
Equation 2.32 
𝐶𝑒𝑥𝑡 = 𝐶𝑠𝑐𝑎𝑡 + 𝐶𝑎𝑏𝑠 Equation 2.33 
Equation 2.30 suggests the radius of the nanoparticle controls the intensity of the 
polarisation (𝜶), which then defines the scattering and absorption cross-sections. As a result, 
design principles can be defined in order to gain maximum benefit from the optical and 
electronic properties of the plasmonic nanoparticles [79]. 
Silver and Gold nanoparticles are widely incorporated into plasmon enhanced PV devices. The 
design principles of the plasmonic PV suggest that the scattering cross-section (𝑪𝒔𝒄𝒂𝒕) must be 
greater than the absorption cross-section (𝑪𝒂𝒃𝒔) to maximise the light scattering in the 
semiconductor. The absorption cross-section results in parasitic absorption in the nanoparticle 
which subsequently results in localised thermal heating and a localised enhanced electric field. 
Localised thermal heating is a side effect of the parasitic absorption which does not contribute 
to charge carrier photogeneration, however the localised enhanced electric field increases light 
absorption in the semiconductor and contributes to charge carrier photogeneration [42]. 
Figure 2.32 compares the optical cross-section of the silver and gold nanoparticles as a function 
of radius with the geometric cross-section (𝑪𝒈𝒆𝒐). For silver, the scattering cross-section 
exceeds the geometric and absorption cross-sections at 15 and 30 nm radius nanoparticles 
respectively. For gold, the scattering cross-section exceeds the geometric and absorption cross-
sections at 40 and 65 nm radius nanoparticles respectively. Hence sizing of the nanoparticles in 
the device architecture plays a significant role in designing the plasmonic PV [80]. 
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Figure 2.32 Optical cross-sections, scattering (black), absorption (red) and geometric (blue), of (a) 
Silver and (b) Gold nanoparticles as a function of radius. The nanoparticles are deposited on a 
glass substrate. Data analysed using the Matlab code for extinction of nanoparticles and online 
simulation package nanoHUB. 
Figure 2.33 compares the optical efficiency, at the resonant wavelength, of different radius silver 
and gold nanoparticles deposited on a glass substrate. The scattering efficiency (𝑸𝒔𝒄𝒂𝒕), is 
maximum for nanoparticle sizes more than 50 nm radius, whereas the absorption 
efficiency (𝑸𝒂𝒃𝒔), is maximum for small nanoparticles of less than 50 nm radius. Hence, 
plasmonic light trapping can be achieved using light scattering [Figure 2.30(a)] or LSPR [Figure 
2.30(b)] by selecting the appropriate size metal nanoparticles and correctly positioning them in 
the PV cell architecture. 
 
Figure 2.33 Optical Efficiency of (a) Silver and (b) Gold of nanoparticles as a function of radius. 
Data analysed using the Matlab code for extinction of nanoparticles and online simulation package 
nanoHUB. 
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2.4.4 Light Management in Thin-Film Photovoltaic Devices 
Light management techniques play an important role in determining light absorption and surface 
reflection from the TF PV devices. Light absorption in the semiconductor is described using 
Beer-Lambert’s law (Equation 2.34) [1], where 𝑰 the intensity of absorbed light, 𝑰𝒐 is the incident 
light intensity, 𝜶 is the absorption coefficient of the semiconductor and 𝑳 is the path length of 
light in the semiconductor.  
 𝐼 = 𝐼0𝑒
−𝛼𝐿 Equation 2.34 
𝐴𝑏𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛 = 𝐿𝑜𝑔 (
𝐼0
𝐼
)  
Equation 2.35 
 
Since the absorption is proportional to the optical intensity (Equation 2.35), a high optical 
intensity will lead to increased absorption in the semiconductor layer. Plasmonic structures, 
such as metal nanoparticles, which have distinctive optical properties can therefore 
considerably increase the localised optical intensity in the semiconductor due to light trapping 
and can significantly enhance light absorption in the TF PV devices [79]. 
The use of an anti-reflection -reflection coating (𝑨𝑹𝑪) determines the surface reflection from the 
TF PV devices. The PV devices can incorporate a pre-patterned glass substrates, coated with a 
transparent conductive oxide (𝑻𝑪𝑶) electrode - such as 𝑰𝑻𝑶, which also acts as an 𝑨𝑹𝑪. 
Typically, industry uses Type-U ITO from Asahi glass as the standard to manufacture TF PV 
devices. Figure 2.34 shows an SEM image of Type-U Asahi glass where the ITO is roughened 
to minimise the surface reflection [81]. Detailed Information about the textured TCO is available 
online [82]. 
 
Figure 2.34 SEM image of Type-U ITO textured Asahi glass. Reproduced from [81].  
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Fresnel’s equations describe the power of the reflection (𝑹) and transmission coefficient (𝑻) of 
an optical medium, where 𝒏𝟏 and 𝒏𝟐 are the real refractive indicies of the incident medium and 
the transmitted medium respectively [1]. A typical TF PV device consists of many layers to form 
complete device architecture: reflections from each layer are accumulated to calculate the total 
surface reflection from the TF PV device. [1] 
Figure 2.35 compares the light interaction in the thin-film material in the absence and the 
presence of a back reflector. Figure 2.35(a) shows that light is partially absorbed and 
transmitted through the material, while Figure 2.35 (b) shows that light is reflected back from the 
back electrode. The light reflects between the front and back electrode and travells multiple 
times through the semiconducting layer. The path length of the light is enhanced in the 
presence of back electrode and results in an increased light absorption. A limitating factor for 
trapping light in the semiconductor was defined by Yablonovitch in 1982 as the “ray optics limit” 
of light trapping using textured surfaces [83]. The ray optics limit, also known as “Ergodic” limit, 
therefore approximates the maximum light trapping in a homogenous absorbing material using 
a textured surface. 
 
Figure 2.35 (a) Light interaction in a thin-film in the absence of a back reflector, where partially 
absorbed light is transmitted through the semiconductor. (b) Increased light absorption is 
achieved in the presence of a back reflector where the light travels the semiconductor multiple 
times. Note that there are typically surface reflections at the material interfaces in both the 
examples. 
𝑅 = |
𝑛2 − 𝑛1
𝑛1 + 𝑛2
|
2
 
Equation 2.36 
𝑇 = |
2 ∙ 𝑛1
𝑛1 + 𝑛2
|
2
 
Equation 2.37 
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The intensity enhancement, due to the light trapping, is approximately n2 a for textured 
absorbing material without a back reflector (Figure 2.35(a)) and 2n2 for textured absorbing 
material with a back refelector (Figure 2.35(b)), where n is the refractive index of the 
homogenous absorbing material. The intensity enhancement factor of 2n2 leads to bulk 
absorption enhancment factor of 4n2. For amorphous silicon (n~4.5), the maximum 
enhancement factor is approximately 80. In other words, a ray of light in amorphous silicon will 
make maximum 40 passes before escaping [84]. This limit is valid for semiconductors with 
thicknesses much larger than the wavelength of visible light. However, for TF PV devices,where 
the semiconductor thickness is less than 500 nm, the ray optics limit is not fully satisfied. 
As a result, the theory of wave optics was developed by Atwater in 2011 [85] to describe the 
fundamental limits of nanophotonic light trapping in thin film PV devcies. The wave optics theory 
suggests that local density of optical states (𝑳𝑫𝑶𝑺) plays an important role in the trapping of 
light beyond the simple ray optics limit. The LDOS of a homogenous semiconductor, is 
proportional to the density of optical states (n2), and is the number of electromagnetic energy 
states at a given wavelength and location [85]. Atwater proposed that a Lambertian scattering 
surface, such as metal nanoparticles, can increase the LDOS of the semiconductor. These 
optical states can be populated by trapping light in the semconductor using light scattering. 
Figure 2.36 compares the light scattering from metal nanoparticles incorporated in the TF PV 
devics. Figure 2.36(a) describes the forward light sattering from the metal nanoparticles. Light is 
preferentially scattered forward into the semiconductor at high angles and is reflected back from 
the back reflector. The metal nanoparticle in the front acts as the optical impedance matching 
layer and enhances the light coupling to the TF PV device architecture [86].  
 
Figure 2.36 Light iteration with metal nanoparticles in a thin-film PV device; (a) forward scattering 
and (b) back scattering of light in the semiconductor. Note that effective path length of the light is 
increased in both examples. 
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Figure 2.36(b) describes the back scattering of light from metal nanoparticles located on the 
rear electrode of the TF PV device. Light is absorbed in the semiconductor and is scattered 
back at high angles from the metal nanoparticles located on the rear electrode of the TF PV 
device. The high angle light scattering, described in Figure 2.36, significantly increases the 
optical path length in the TF PV device and leads to increased absorption in the semiconductor. 
The incident and scattered light interacts with each other and forms interference patterns in the 
semiconductor. As a result constructive interference patterns of high optical intensity are 
predicted to occur in the semiconductor. Plasmonic light absorption in the semiconductor can 
therefore be attributed to the wave guiding effects from the plasmonic metal nanoparticles. A 
more detailed theoretical understanding of light trapping limits using plasmonic structures is 
available in [85, 87, 88]. 
2.4.5 Review of Plasmonic Photovoltaics Devices 
Plasmon enhanced TF PV devices in the literature have typically used silver, gold and 
aluminium nanoparticles, with size ranging between 10 and 500 nm diameters, which are 
positioned in the front, middle, rear of the TF PV architecture. The resultant plasmonic 
enhancement is primarily observed in the short-circuit current density and fill factor of the TF PV 
devices; the open circuit voltage of the PV devices was relatively unchanged by the presence of 
the metal nanoparticles. Generally, surface reflections from the plasmon enhanced TF PV cells 
were reduced and the light absorption in the semiconductor was increased. The plasmonic 
effect has been demonstrated in various TF PV technologies such as poly-silicon, a-Si:H, GaAs, 
organic, dye-sensitized and perovskite cells and an overview of the relative increase in the 
power conversion efficiency compared to the reported reference device is shown in Table 2.3. 
The average plasmonic enhancement of power conversion efficiency was 28%, which 
corresponds to a 24.5% and 7.5 % average increase in the current density and fill factor 
respectively. There are however reports in the literature which suggest that silver metal 
nanoparticles (𝑴𝑵𝑷) located on the rear electrode can degrade the performance of a-Si:H TF 
PV devices, due to parasitic absorption and increased recombination attributed to the increased 
roughness at the back electrode [89]. 
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Table 2.3 An overview of plasmonic TF PV devices and its performance enhancement compared to reference using metal nanoparticle based plasmonic structures. Note: 
All the devices were fabricated and characterised across the leading plasmonic PV research groups.    
Reference TF PV Technology/ 
Device Architecture/  
Active Layer Thickness 
Metal 
Nanoparticle 
Diameter 
Position Jsc % 
Enhancement 
FF % 
Enhancement 
Efficiency % 
Enhancement 
Device 
Area 
(mm2) 
Note 
[90] a-Si:H / p-i-n / 240 nm Au 50-100 nm Front 8.1%  0.4%  8.3%  25 Particle density 1-10x108 
[75] a-Si:H / n-i-p / 150 nm Ag 250 nm Back 40 %  1.5 %  50%  15 Pitch distance 500 nm   
[91] a-Si:H / p-i-n / 350 nm Ag 50-400 nm Rear 15%  6%  23%  - Area coverage 10 % 
[92] a-Si:H / n-i-p / 550 nm Ag 225 nm Rear 26%  11%  38%  13 Nano-imprint lithography 
[93] a-Si:H / p-i-n / 280 nm Ag 200 nm Rear 54% -17% 25 % - Pitch distance 400 nm 
[94] Poly-silicon / n-i-p / 2 µm Ag 150-250 nm Front/Rear 4 % / 3.5 %  - - 12.5 No J-V was presented 
[95] Poly-silicon / n-i-p / 2 µm Ag 100-200 nm Rear 50%  - - - No J-V was presented 
[74] Poly-silicon / n-i-p / 2 µm Ag 100-200 nm Back 27.0%  - - - No J-V was presented 
[76] GaAs / 200 nm Ag 100-150 nm Front 8.0 %  18%  25%  42 Particle density 1-5x109 
[96] Organic/P3HT-PCBM/220 nm Au 40-50 nm Front 12%  6%  18%  12 Au MNP in PEDOT:PSS 
[97] Organic/P3HT-PCBM/220 nm Au 15-65 nm Front 9% 6% 9%  73 Au MNP in PEDOT:PSS 
[98] Organic/PTB7-PCBM/220 nm Au Ag 40-50 nm Front 18% 3% 20% 3 MNP in PEDOT:PSS 
[99] Dye-sensitized / Z907 / 2 µm Au 20 nm Front 57% 15% 86% 16 MNP in the active layer 
[100] Perovskites / n-i-p / 1 µm Au  80 nm Front 15% -5% 7% - MNP in the active layer 
55 
 
 
 
Table 2.4 An overview of plasmon TF PV devices and its performance enhancement compared to reference using metal nanoparticle based plasmonic structures. Note: 
All the devices were modelled using commercial TCAD software and were benchmarked experimentally. 
Reference TF PV Technology/ 
Device Architecture/ 
Active Layer Thickness 
Metal Nanoparticle 
Diameter 
Position Jsc % 
Enhancement 
FF % 
Enhancement 
Efficiency % 
Enhancement 
TCAD 
Software 
Simulation Note 
[101] a-Si:H / n-i-p / 200 nm Ag 50-150 nm Front/Rear 4% / 43 % 0.2% / 2% 4%  / 46% Lumerical 2D FDTD Optoelectronic 
[102] a-Si:H / n-i-p / 150 nm Ag 200-300 nm Rear 47%  1.5% 50%  Lumerical  2D FDTD Optoelectronic 
[103] a-Si:H / p-i-n / 125 nm Ag 100-300 nm Rear 17% - - Lumerical 2D FDTD Optical 
[104] a-Si:H / n-i-p / 240 nm Ag Au Al 50-100 nm Front 23.5% - - COMSOL 2D Multiphysics Optical 
[80] a-Si:H / n-i-p / 200 nm Ag Au 10-50 nm Front 4.8% 0.1% 5% Silvaco  2D FDTD Optoelectronic 
[86] Poly-silicon / n-i-p / 2 µm Ag 100-200 nm Front 8%  - - Lumerical 2D FDTD Optical 
[105] Poly-silicon /p-n/ 2 µm Au 100 nm Front 5% - - Lumerical  Particle Density 3.5 x 109 
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Theoretical studies reported in the literature, using commercial TCAD software, have also been 
carried out to understand and optimise the plasmon enhanced TF PV devices. These studies 
were been benchmarked against experimental studies. Table 2.4 compares the theoretical 
plasmon enhanced TF PV devices and their performance enhancement compared to reference 
devices.  
The average plasmonic enhancement in the theoretical TF PV device power conversion 
efficiency was 26%, which corresponds to average increases of 20% and 1% in the current 
density and fill factor respectively. The literature review of experimental data is in good 
agreement with the simulated data for plasmon enhanced TF PV devices. The ability to simulate 
PV devices, with good comparison to experimental results, therefore makes FDTD a powerful 
design tool for optimization and understanding of the plasmonic effects. 
The literature review also suggests that an understanding of the plasmonic effects from Ag and 
Au metal nanoparticles with diameters less than 100 nm has not been conducted. In order to 
bridge the gap in the understanding of the plasmonic effects of Ag and Au metal nanoparticles 
with diameters less than 100 nm, further research needs to be carried out to find the optimum 
conditions for the plasmonic effects.    
It is important to mention that plasmonic enhancement is also observed in 1st generation silicon 
solar cell technology and demonstrates the versatility of plasmonic structures for use across all 
the PV technologies [106]. 
2.5 Summary 
Photovoltaics technology has evolved over the last two decades and has been dominated by 
silicon due to its technology maturity and support from the microelectronics industry. The 
emerging photovoltaic technologies such as the 2nd generation thin films and 3rd generation 
organics will play an important role in cutting down the cost further then the 1st generation 
silicon technology due to low martial usage and low temperature processes. However the 
efficiency of the 2nd and 3rd generation photovoltaics is limited by the light absorption in the 
photoactive layer. New methods of light trapping using the plasmonic structures is proving a 
very promising route to enhance the efficiency of the thin film photovoltaics devices and 
therefore requires further research in the field of plasmonic photovoltaic device technology. 
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Chapter 3 RESEARCH METHODS 
3.1 Experimental Research Methods 
Organic PV (OPV) devices were fabricated and characterised in a Class 4 clean-room laboratory. 
Advanced characterisation of the OPV devices was carried out using optical spectroscopy and 
surface analysis. 
3.1.1 Organic PV Device Fabrication 
Organic PV devices were fabricated using P3HT:PC70BM as the donor/acceptor organic system. 
The devices were fabricated on pre-patterned, 15 Ω/square ITO on glass substrates (0.7 mm x 
15 mm x 15 mm), purchased from Luminescence Technology Corporation [1]. The ITO pattern 
was a centred strip (9 mm x 15 mm) and was 140 nm thick. The OPV device configuration was: 
Glass / ITO (Anode) / PEDOT-PSS (Hole Transport Layer) / P3HT:PC70BM (Active Layer) / BCP 
(Electron Transport Layer) / Aluminium (Cathode). PEDOT-PSS (Poly[3,4-
ethylenedioxythiophene] poly[styrenesulfonate]) Clevios P VP AI 4083, was purchased from 
Heraeus [2]. P3HT [Poly(3-hexylthiophene-2,5-diyl)] (55K Molecular weight) was purchased from 
Rieke Metals Inc. [3], and PC70BM [[6,6]-Phenyl C71 butyric acid methyl ester] was purchased 
from Solenne BV [4]. BCP (2,9-dimethyl-4,7-diphenyl-1,10-phenanthroline) was purchased from 
Luminescence Technology Corporation [1] and aluminium (99.99%) was purchased from Sigma-
Aldrich [5]. Materials were stored, and solutions prepared, in a nitrogen glove box environment to 
avoid exposure to ambient atmosphere. The bulk heterojunction solution was formulated in 
cleaned 4 ml glass vials including a magnetic stirrer bar magnet. The  P3HT:PC70BM BHJ solution 
was formulated at a 20 mg/ml concentration, with a 1:1 ratio between the donor and acceptor, in 
anhydrous dichlorobenzene (DCB) solvent. The BHJ precursor solution was allowed to dissolve 
for a minimum of 2 weeks using the magnetic stirrer to provide constant agitation. 
Plasmonic silver and gold metal nanoparticles, mono-dispersed in de-ionized water, were bought 
from Nano-CS [6]. The metal nanoparticle diameter was ~40-50 nm, with a concentration of ~5 x 
1010 particles/ml. The particles were stabilised by an organic citrate layer coating and were stored 
at between ~2-8 ℃ in the clean room refrigerator. The plasmonic hole transport solution was 
prepared by mixing metal nanoparticles with PEDOT:PSS. Table 3.1 shows the different 
concentrations of the plasmonic solutions used to incorporate the metal nanoparticles (𝑴𝑵𝑷) in 
the plasmonic OPV device structure. 
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Table 3.1 Plasmonic enhanced hole transport solutions of different volume ratios of silver and gold 
metal nanoparticles mixed in PEDOT:PSS. The original nanoparticle density was 5 x 1010 particles/ml. 
 PEDOT:PSS:MNP 
(V:V) 
Absolute 
Volume ratio 
(ml) 
Particles Volume 
Concentration (%) 
Particle concentration 
(/ml) 
1 1:1 1.0:1.000 50.00 2.50 x 1010 
2 2:1 1.0:0.500 33.33 1.25 x 1010 
3 3:1 1.0:0.333 25.00 6.25 x 1009 
4 4:1 1.0:0.250 20.00 3.12 x 1009 
5 5:1 1.0:0.200 16.67 1.56 x 1009 
6 6:1 1.0:0.125 14.28 7.81 x 1008 
 
The following device fabrication steps were developed and optimised for P3HT:PC70BM based 
OPV devices.  
1. To improve the yield and reproducibility of the devices, the substrates underwent three 
cleaning stages: ultra-sonication in acetone and ethanol for 5 minutes each; oxygen 
plasma ash treatment (5 min, 100 W, 20 mbar O2 pressure) using an Emitect K1050X 
plasma cleaner; and nitrogen blow drying.  
2. PEDOT:PSS was filtered (45 µm PET filter) and a ~25 - 30 nm thin film was deposited 
using single step spin coating technique (spin speed 5000 rpm, acceleration 225, time 30 
seconds). The PEDOT:PSS was annealed for 10 minutes at 150°C, on a hot plate in an 
ambient environment. The plasmonic solution was prepared as described in Table 3.1, 
mixed for 5 minutes in an ultra-sonication bath and filtered (45 µm PET filter), before 
depositing in a ~25-30 nm thin film using a single spin coating technique (spin speed 
3000 rpm, acceleration 3, time 30 seconds). The layer was then annealed for 10 minutes 
at 150°C, on a hot plate in the ambient environment, before the substrate was allowed to 
cool down. It is important to state that the spin speed and acceleration values were 
63 
 
optimised in order to form a uniform layer of PEDOT:PSS and MNP. The centrifugal force 
during the spin coating process stopped the MNPs from being spun off the substrate. 
3. A P3HT: PC70BM active layer thin film of ~210-220 nm was deposited using a multiple 
step spin coating technique (Step 1: spin speed 750 rpm, acceleration 3, time 80 seconds; 
step 2: spin speed 1000 rpm, acceleration 255, time 5 seconds). After spin coating, the 
device was placed in a small petri dish for 45 minutes for solvent annealing and was then 
thermally annealed on a hot plate at 125℃ for 10 minutes in the glove box environment.  
4. To complete the device structure a ~2-3 nm thin film of BCP was thermally evaporated at 
rate of ~0.05 nm/s, before the evaporation of ~70-100 nm of aluminium at a rate of ~0.5 
nm/s. The thermal evaporation was carried out at a base pressure of ~1 x 10-6 mBar in 
each case. The devices were then taken out of the evaporator and a series of 
characterisation procedures were undertaken.  
 At least 5 devices were fabricated, for each reference and for the plasmonic devices incorporating 
silver and gold nanoparticles for each concentration, to obtain a good statistical analysis. The 
fabricated devices were stored in the glove box and were taken individually out of the glove box, 
but still in the clean room environment, to perform the solar simulator and external quantum 
efficiency (EQE) characterisation. 
3.1.2  Organic PV Device Characterisation 
 AM1.5G Solar Simulator 
The fabricated OPV devices were characterised using an Abet Technologies solar simulator [7]. 
The solar simulator contains a 300W Xenon lamp with an AM1.5G filter calibrated at an intensity 
of 100 mW/cm2. The lamp was allowed to reach a steady state AM1.5G output intensity before 
performing the I-V characteristics. The output intensity was calibrated at AM1.5G using a Newport 
91150V reference cell and meter [8]. The active area of the OPV cell was defined using a circular 
38.5 mm2 metal mask.  
 Source Meter 
The current-voltage (I-V) characterisation of the OPV devices was measured using a Keithley 
2425 source meter [9]. The Keithley 2425 can be used to measure the dark current and 
photocurrent of the OPV using a 4 probe measurement system. The dark current measurement 
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was performed under dark conditions (no ambient light) and photocurrent measured using the 
AM1.5 solar simulator illumination at 25℃. The I-V measurement data is collected using a Labview 
program which forms the interface between the source meter and the workstation. A bespoke 
Microsoft Excel database is then used to extract the output parameters of the OPV devices from 
the I-V curves data [10]. The series and shunt resistance of the OPV cell is also calculated at the 
open-circuit and short-circuit conditions respectively for the illuminated I-V data.  
 External Quantum Efficiency Measurement 
The external quantum efficiency (EQE) of the OPV device, also known as incident photon to 
charge carrier efficiency (IPCE), was measured using the PVE300 photovoltaic spectral response 
system from Bentham with 1-Sun white light bias using 75W Xenon and 100W quartz halogen 
lamps [11]. Monochromatic light with 10 nm resolution is used to measure the spectral response 
of the OPV cell. The system is calibrated for AM1.5G bias light using a silicon reference cell from 
RERA Solutions [12]. 
 Optical Spectroscopy 
A Varian Carry 5000 was used to carry out the optical spectroscopy by measuring the 
absorbance, transmission and reflection of the sample [13] in the ultraviolet and visible spectrum 
using tungsten and mercury lamps respectively. Monochromatic light of 1 nm resolution, incident 
on the sample, is used to measure the absorption and transmission [Figure 3.1(a)] and the 
reflection [Figure 3.1(b)]. Baseline correction was carried out in ambient air to remove thermal 
noise and zero correction was carried out by blocking the measurement beam to calibrate the 
detector. The baseline calibration was carried out using a borosilicate glass (BK7) reference. 
 
Figure 3.1 Optical spectroscopy setup measuring (a) absorbance and transmission and (b) reflection 
signal of the sample. 
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 Scanning Electron Microscopy  
Scanning electron microscopy (SEM) was used to characterise the size and morphology of the 
plasmonic structures. A FEI Quanta 200F ESEM was used to generate high quality images of the 
nano-materials by scanning the surface with a focused electron beam under vacuum conditions 
[14]. Figure 3.2 shows the setup of a SEM, where the electron gun generates an electron beam, 
with energies typically between 0.2-10 KeV, which is focused using the condenser lens. The beam 
then passes through a pair of scanning coils and then in to the final objective lens. The beam is 
again focused on the sample to detect the signals. The magnification of the image is controlled 
by the scanning area which is controlled by the aperture of the electron beam. The back scattered 
electrons detected from the sample are used to image the sample. Figure 3.3 shows the SEM 
image of the mixed silver and gold nanoparticles on silicon substrate.  
 
Figure 3.2 Setup of the scanning electron microscope.  
 
Figure 3.3 Scanning electron microscopy image of (a) silver and (b) gold metal nanoparticles on the 
silicon substrate. The average metal nanoparticle size is 45±5 nm.   
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3.2 Simulation Research Methods 
3.2.1 Optical simulation of plasmonic structures- NanoHUB 
The optical simulation of the plasmonic metal nanoparticles were carried out using an online 
simulation package provided by NanoHUB [15]. The simulation package uses Discrete Dipole 
Approximation (DDA) methods to calculate extinction, forward and back scattering, absorption 
efficiency and albedo of metal nanoparticles surrounded by a dielectric medium. The package 
uses web based Java script for running online simulation by linking it to the remote simulation 
server. The simulation package is free to run and technical support is also available, therefore 
making this package the most cited for modelling plasmonic metal nanoparticles.   
The simulation package has various functionalities to select metal nanoparticle size and material 
(e.g. silver, gold, copper or aluminium). The complex dielectric constants of the metal was taken 
from Optical Constants of Noble Metals by Johnson and Christy [16] and the Handbook of Optical 
Constants of Solids by Palik [17]. Figure 3.4 shows the graphical user interface (GUI) of the 
software package where the model parameters and the metal nanoparticle materials can be 
selected. The simulation output parameters can be downloaded as data files, which can be plotted 
and analysed using data and graphic analysis software such as Originlab’s Origin [18]. The 
academic version of Origin 8.5 was used in this thesis for data plotting and analysis. 
 
Figure 3.4 The graphical user interface of the nanoHUB software package for simulating optical 
properties of the plasmonic metal nanoparticles where (a) model parameters, such as number of 
dielectric layers, simulation wavelength range, resolutions, particle radius and refractive index of 
the dielectric medium, and (b) metal nanoparticle material, can be selected.  
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3.2.2 Optoelectronic device modelling with Silvaco Atlas 
The increasing complexity of electronics has resulted in the development of Technology-
Computer-Aided Simulation (TCAD) software which enables the understanding and development 
of new electronic, optoelectronic and micro-electro-mechanical (MEMS) technology devices. 
Precise mathematical modelling is applied to computer generated structures, allowing design 
optimizations and performance predictions prior to the fabrication of the device. With increasing 
computational power, device optimisation can be completed prior to fabrication to save time and 
capital cost. This is a trend that has been adopted by all PV manufacturing companies. There are 
a number of TCAD software packages that simulate PV devices; however, they have limitations 
in designing complex plasmonic device structures and/or computing optoelectronic interactions 
of plasmonic structures [19-22]. The TCAD solution from Silvaco Atlas was chosen as the most 
suitable option to simulate plasmon enabled TF PV devices in this work [23].  
Silvaco Atlas is a world leading product in TCAD device simulation software for the simulation of 
the electrical, optical and thermal behaviour of semiconductor devices [22]. Atlas also provides 
platforms such as physics-based simulation analysis of DC, AC currents and time domain 
responses for all semiconductor technologies in two and three dimensions. Atlas simulation is 
divided into three basic programming stages: Atlas input file, Atlas simulation and Atlas output 
file. Within Altas, Deckbuild is an GUI based interactive runtime and input file development tool, 
used to develop and control the simulation [24].The input file contains a sequence of commands 
divided into five stages. 
 Physical Structure: This defines the physical structure of the device and its properties 
such as dimensions and mesh coordinates. 
 Physical Model: This defines the physical models which are defined in the physical 
structure such as electrodes, active region and substrates. 
 Physical Properties: This defines the physical properties of the physical models such 
as doping concentration, bandgap, mobility, work functions and optical constants. 
 Numerical Simulations: In this section optical and electrical simulation are performed 
on the defined structure resulting in the output log files. 
 Data Extraction: In this section the output log files are extracted. 
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The output files generated at the end of the simulation shows runtime output errors or warnings 
during the simulation. The output log file contains numerical data and structure files which 
themselves contain steady state responses such as P-N junction formation, doping levels, 
bandgap diagram, carrier concentration, optical intensity, photogeneration rate, recombination 
rate and current density of the simulated device structure. The output log and output structure 
files are viewed using a log viewer called Tonyplot [25]. The plasmonic TF PV cells were analysed 
using TCAD Silvaco Atlas device simulation framework (version 5.19.20.R) [22].  
The device simulation is based on finite element computation, which maps device representation 
onto a user-defined mesh (or grid structure). The potential and carrier density at each node in the 
mesh are computed iteratively using non-linear Newton algorithms, and the final value is obtained 
when the results of successive steps converge to within a set tolerance. The electrical simulation 
resolves the fundamental semiconductor physics at each node of the mesh by solving Poisson’s 
equations, charge carrier continuity equations and charge transport of drift-diffusions equations 
for electrons and holes [26, 27]. Poisson’s equation relates the change in the electrostatic 
potential to charge density, and the charge carrier continuity and transport equations describe the 
electron and hole densities as a result of transport, generation and recombination processes.  
 Poisson’s equation: 
∇2𝜑 =
𝜌
𝜀0𝜀𝑟
=
𝑞(𝑝 + 𝑁𝐷 − 𝑛 − 𝑁𝐴)
𝜀0𝜀𝑟
 
Equation 3.1 
 Charge carrier continuity equations:  
𝜕𝑛
𝜕𝑡
=
1
𝑞
∇ ∙ 𝐽𝑛 + 𝐺𝑛 − 𝑅𝑛 
Equation 3.2 
𝜕𝑝
𝜕𝑡
=
1
𝑞
∇ ∙ 𝐽𝑝 + 𝐺𝑝 − 𝑅𝑝 
Equation 3.3 
 Charge transport: 
𝐽𝑛 = 𝑞𝑛𝜇𝑛𝜀 + 𝑞𝐷𝑛∇𝑛 Equation 3.4 
𝐽𝑝 = 𝑞𝑝𝜇𝑝𝜀 + 𝑞𝐷𝑝∇𝑝 Equation 3.5 
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Where, 𝝋 is the electrostatic potential, 𝝆 is the total charge density, 𝜺𝟎 is the permittivity of free 
space, 𝜺𝒓 is the relative permittivity of semiconductor, 𝒒 is the electric charge, 𝒏 and 𝒑 are number 
of charge carriers, 𝑵𝑫 and 𝑵𝑨 are the concentrations of donor and acceptor impurities, 𝑮𝒏 and 𝑮𝒑 
are the generation rates of electrons and holes, 𝑹𝒏 and 𝑹𝒑 are the recombination rates of 
electrons and holes, 𝑱𝒏 and 𝑱𝒑 are the electron and hole current density, 𝝁𝒏 and 𝝁𝒑 are the electron 
and hole mobility, respectively, and 𝜺 is the electric field.  
Several physical models describing the electrical and optical behaviour of semiconductor 
materials have been defined [27]. The models used in Atlas are briefly described below: 
 The carrier statistics for doped semiconductors is modelled using the Fermi-Dirac 
statistics model.  
 The generation-recombination of charge carriers is modelled using the Shockley-Read-
Hall (SRH) and Auger models.  
 The concentration and electric field dependent charge carrier mobility is modelled using 
the carrier mobility models. 
In Atlas, the boundary condition was defined by setting the area of the device. Both optical and 
electrical simulations were performed in two dimensions with enabled periodic boundary 
conditions. Ohmic contacts were assumed between the metal-semiconductor interfaces. The 
surface defect density of been assumed to be zero in the simulation. 
The optoelectronic simulation was carried out using the Finite Difference Time Domain (𝑭𝑫𝑻𝑫) 
method, which was used to model the interactions between light and matter. The FDTD method 
solves for the propagation of electromagnetic fields directly from the fundamental wave equations. 
The FDTD method models the wave propagation while taking into consideration reflection, 
diffraction and interference effects; considerations critical when modelling the effects of 
plasmonics on the performance of TF PV cells. The FDTD method solves Maxwell’s curl equation 
(Equation 3.6-Equation 3.7) in the time domain, defined in a spatial grid, through consecutive time 
steps [27]. Atlas provides a dedicated FDTD solution for plasmon enabled TF PV applications 
[28]. FDTD analysis uses advanced computational methods by solving Maxwell’s equations on 
each mesh point and as a result makes the analysis time and computational power intensive.  
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𝜕𝐻
𝜕𝑡
=
−1
µ
∇  ∙  𝐸 −
1
𝜇
(𝑀𝑆𝑜𝑢𝑟𝑐𝑒 + 𝜎
∗𝐻) 
Equation 3.6 
𝜕𝐸
𝜕𝑡
=
−1
𝜀
∇  ∙  𝐻 −
1
𝜇
(𝐽𝑆𝑜𝑢𝑟𝑐𝑒 + 𝜎𝐸) 
Equation 3.7 
 
Where, 𝑬 is the electric field, 𝑯 is the magnetic field, 𝜺 is the permittivity, 𝝁 is the permeability, 
𝑴𝑺𝒐𝒖𝒓𝒄𝒆 is the equivalent magnetic current density, 𝑱𝑺𝒐𝒖𝒓𝒄𝒆 is the electric current density, 𝝈 is the 
electrical conductivity and 𝝈∗ is the equivalent magnetic loss.  
In FDTD analysis, Maxwell’s equations are solved using a finite-difference approximation in space 
and time with periodic boundary conditions to obtain steady state response of optical intensity 
and photogeneration rate for a given optical source. The FDTD simulation setup is shown in 
Figure 3.5. Boundary conditions are set using a perfectly matched layer (𝑷𝑴𝑳) which absorbs 
light outside the periodic boundary. The PMLs are designed to be impedance matched to the 
simulation domain so that there are no reflections at the interface between the PML and the 
simulation domain. The simulation domain consists of a photonic device, such as a PV cell, 
sandwiched between top and bottom PMLs. The EM wave originates from the top PML, 
propagates through to simulation domain, and reaches the bottom PML by exiting the simulation 
domain. The FDTD method is a powerful tool for examining light-matter interactions at nanoscale 
resolutions. Any side reflections are absorbed by the side PMLs, which are located at the edge 
of the device area. 
 
Figure 3.5. Finite Difference Time Domain simulation setup showing the origin and direction of 
propagation of EM waves in the simulation domain. The PML acts as black body and all radiation is 
absorbed.  
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To model the optical properties of the device structure, Luminous (V.5.19.20.R) package in Atlas 
was used which has a built-in AM1.5G light to simulate the TF PV cells [29]. In the FDTD analysis, 
automatic fine meshing was enabled and the residual error parameter was 0.01% to terminate 
the time domain simulation when the steady state is achieved. The steady state response in the 
FDTD solar simulation was calculated with a 10 nm spectral resolution between 300 and 800 nm 
wavelengths through the AM1.5G solar spectrum. The steady state optical intensity was obtained 
for each node of the mesh point. The photogeneration rate is calculated by solving Equation 3.8 
[30, 31].  
𝐺 =
𝜆
ℎ𝑐
𝛼
|𝐸|2
2𝜂
 
Equation 3.8 
 
Where, 𝝀 is the wavelength of light, 𝒉 is Planck’s constant, 𝒄 is the speed of light, 𝜶 is the 
absorption coefficient of the semiconductor, 𝑬𝟐 is the optical field intensity and 𝜼 is the internal 
quantum efficiency of semiconductor, which represents the number of carrier pairs generated per 
absorbed photon.  
The electrical photogeneration rate was calculated by interpolating (inserting) the optical intensity 
into a finite element mesh of the electrical device simulation by solving fundamental 
semiconductor equations (Poisson’s, drift-diffusion, and carrier continuity equations) at each node 
of the mesh point, and the recombination rate of the charge carrier is taken into consideration in 
the carrier continuity equations. The coupled optoelectronic simulations were carried out using 
Atlas (V.5.19.20.R) [32].  
The current density-voltage (J-V) curve was obtained at the end of the simulation which was then 
used to extract the output parameters of the PV cell, such as open circuit voltage (𝑉𝑜𝑐), short 
circuit current density (𝐽𝑠𝑐), fill factor (𝐹𝐹) and power conversion efficiency (𝜂). The steady state 
responses, such as optical intensity, photogeneration rate, recombination rate and electric field, 
are also stored in the simulation raw data files. Spectral analysis such as absorption, reflection 
and transmission of the PV cell were also extracted. The quantum efficiency (𝐼𝑄𝐸, 𝐸𝑄𝐸) was also 
calculated using the spectral response simulation of AM1.5G monochromatic light source in the 
FDTD method. 
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Another optoelectronic simulation method, Ray tracing, was also used to characterise the active 
layer thickness. Ray tracing is an ideal method to resolve planar geometries but ignores 
coherence and diffraction effects [27]. The Ray tracing method is faster than the FDTD method 
and hence saves computational power and time to optimise the device before using the FDTD 
method to simulate plasmon enabled TF a-Si:H PV devices. Both FDTD and Ray tracing method 
were benchmarked against experimentally fabricated devices available from the literature in 
Chapter 4. Detailed understanding of optoelectronic modelling of solar cell application is available 
is reference [33].  
The optical constants for all the layers used in the optoelectronic device simulation study were 
taken from the SOPRA database [34]. In the FDTD analysis, automatic fine meshing was enabled 
and the residual error parameter was 0.01% to terminate the time domain simulation when the 
steady state is achieved. Figure 3.6 shows the optical data (real and imaginary refractive index) 
of the materials in the PV device architecture. 
 
Figure 3.6 Optical data of (a) a-Si:H, (b) ITO, (c) SiO2 , (d) Al, Ag and Au used in the Silvaco Atlas 
photovoltaic device simulation [34] 
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Figure 3.7 shows the optical data (real and imaginary refractive index) of the organic materials 
used in the OPV device architecture. 
 
Figure 3.7 Optical data of (a) PEDOT:PSS and (b) P3HT:PC70BM used in the Silvaco Atlas organic 
photovoltaic device simulation [34]. 
Optoelectronic device modelling of organic PV cells was also carried out using the organic solar 
model developed by Silvaco [35]. The model is based on bulk heterojunction (𝑩𝑯𝑱) concept of 
an interpenetrating mixture of donor and acceptor organic semiconducting polymers [36]. The 
model includes the standard drift-diffusion equations (Poisson’s and electron and hole continuity 
equations) in addition to the singlet exciton continuity (Equation 3.9).  
𝑑𝑆
𝑑𝑡
= 𝐺𝑝ℎ − 𝐾𝑁𝑅𝑆. 𝐸𝑋𝐶𝐼𝑇𝑂𝑁 ∙ 𝑆 − 𝑅𝐷𝑛𝑝 + 𝑅𝐿𝑛𝑝 
Equation 3.9 
Where, 𝑺 is the singlet exciton concentration, 𝑮𝒑𝒉 is the photogeneration rate, 𝑲𝑵𝑹𝑺 ∙ 𝑬𝑿𝑪𝑰𝑻𝑶𝑵 
is the non-radiative exciton decay rate, 𝑹𝑫𝒏𝒑 is the exciton dissociation rate and 𝑹𝑳𝒏𝒑 is the 
Langevin recombination rate.  
The Langevin recombination (𝑹𝑳𝒏𝒑) is the most commonly observed recombination type in the 
OPV device and is based on the bimolecular mechanism: the recombination of a free electron 
with free hole in the organic semiconductor [37]. The Langevin recombination rate is included in 
the recombination terms in the carrier continuity equations. The Langevin recombination rate 
𝑹𝑳𝒏𝒑 is described by Equation 3.10.  
𝑅𝐿𝑛𝑝 = 𝑟𝐿(𝑛𝑝 − 𝑛𝑖
2) Equation 3.10 
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Where 𝒓𝑳 is the Langevin recombination rate coefficient, 𝒏 and 𝒑 represents the electron and hole 
charge density respectively and 𝒏𝒊 is the intrinsic carrier concentration. The Langevin 
recombination rate coefficient is described in Equation 3.11 
𝑟𝐿 =
𝑞
𝜀𝑟𝜀𝑜
(𝜇𝑛 − 𝜇𝑝) 
 
Equation 3.11 
Where, 𝒒 is the elementary charge, 𝜺𝟎 is the permittivity of free space, 𝜺𝒓 is the relative permittivity 
of organic semiconductor, 𝜇𝑛 and 𝜇𝑝 is the electron and hole mobility of the organic semiconductor 
respectively. 
The exciton dissociation rate (𝑹𝑫𝒏𝒑) is defined by Equation 3.12. 
𝑅𝐷𝑛𝑝 =
3𝑟𝐿
4𝜋𝐴 ∙ 𝑆𝐼𝑁𝐺𝐿𝐸𝑇
𝑒𝑥𝑝 (−
𝑆. 𝐵𝐼𝑁𝐷𝐼𝑁𝐺
𝑘𝑇
)
𝐽1(2√−2𝑏)
√−2𝑏
 
Equation 3.12 
 
Where, 𝒓𝑳 is the Langevin recombination rate coefficient, 𝑨 ∙ 𝑺𝑰𝑵𝑮𝑳𝑬𝑻 and 𝑺. 𝑩𝑰𝑵𝑫𝑰𝑵𝑮 
represents the electron hole pair distance and exciton binding energy, 𝑱𝟏 is the first order Bessel 
function and the parameter 𝒃 is described by Equation 3.13, where 𝑬 is the electric field, 𝜺𝒓 is the 
relative permittivity and 𝑻 is the temperature. 
The list of all the optical and electrical coefficients used to describe the organic PV model is 
available in Appendix C. 
  
𝑏 =
𝑞3|𝐸|
8𝜋𝜀𝑟𝜀𝑜𝑘2𝑇2
 
Equation 3.13 
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Chapter 4 Optoelectronic Modelling of Plasmonic Light Trapping 
in Thin Film Amorphous Silicon Photovoltaic Devices 
4.1 Amorphous Silicon PV Technology and Its Future Prospects 
Of all the 2nd Generation TF PV technology, it is solar cells based on amorphous hydrogenated 
silicon (a-Si:H) that offer specific advantages: a-Si:H solar cells are fabricated from extremely 
abundant raw materials; ecologically, the materials are non-hazardous during manufacturing, 
operation and disposal; and low process temperatures facilitate the use of low-cost substrates 
such as borosilicate glass, metal or plastic foils that are compatible with roll-to-roll processing [1, 
2]. Amorphous silicon PV technology has seen commercial success since the early 1980s, 
especially in consumer products such as calculators and digital watches. The market share of 
amorphous silicon PV technology has been steadily increasing over the last 10 years, with the 
development of large scale production techniques using plasma-enhanced chemical vapour 
deposition for superior quality semiconducting films compared to RF sputtering (PECVD) [3].  
 
Figure 4.1 Example of flexible and framed thin film amorphous silicon photovoltaic products [4].   
Typically a-Si:H based solar cells have a p-i-n or n-i-p diode structure depending on the depositing 
sequence of doped and intrinsic layers. Since the carrier diffusion lengths are very short in a-Si:H, 
the photoactive layer thickness is between 300-500 nm, where the dimensions of the buffer layer 
doped p and n type a-Si:H are 10-25 nm and the intrinsic a-Si:H layer is 275-475 nm respectively. 
The a-Si:H solar cells are designed in either p-i-n Superstrate or n-i-p Substrate configuration and 
are encapsulated using a protective film (Figure 4.2). The textured transparent conductive oxide 
(TCO) (ITO~50-100 nm) acts as the antireflection coating, and metal (Aluminium or Silver ~100 
nm) acts as the back reflector [1].  
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Figure 4.2 Thin film amorphous silicon photovoltaic device in (a) p-i-n Superstrate and (b) n-i-p 
Substrate configuration [4]. 
 
Commercial a-Si:H TF PV panels are generally 4-6 % efficient [3], while Table 4.1 shows the 
stabilised record efficiency of laboratory size single junction a-Si:H solar cells in superstrate and 
substrate configuration, manufactured by thin-film photovoltaic manufacturers using Asahi U 
antireflection textured surfaces [1]. However, Asahi U type glass is an expensive substrate due 
to the chemical process involved in fabricating the textured surface. It is also not applicable for 
low cost roll-to-roll plastic substrates and even large area based glass substrates [1]. Hence, a 
novel alternative for light trapping, such as plasmonic metal nanoparticles, which are cheap and 
requires only non-chemical processing steps, needs to be adapted for the next generation of 
ultrathin PV technology. Plasmonic nanoparticles can be incorporated in TF PV technology by 
either solution processed techniques, such as spray coating and printing [5], or using industrial 
standard laser annealing [6].   
Table 4.1 Record experimental efficiency of single junction thin film amorphous silicon photovoltaic 
device in n-i-p substrate and p-i-n substrate configuration using Asahi U antireflection textured 
surfaces. 
Source Cell Structure Area (mm2) Voc  (V) Jsc  (mA cm-2) FF (%) η (%) 
[1] United 
Solar 
n-i-p 25 0.95 15.0 64.00 9.2 
[7] Sanyo 
Panasonic 
p-i-n 100 0.85 16.10 65.00 8.9 
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4.2  Design and Analysis of Next Generation Ultrathin Film 
Amorphous Silicon Photovoltaic Devices 
Ultrathin a-Si:H TF PV cells, where the thickness of the photoactive layer is reduced significantly, 
offers further cost and stability advantages. While the ultrathin photoactive layer clearly reduces 
the volume, and hence cost, of material used, the more substantial cost advantage is via 
fabrication yield. The PECVD method has a limited deposition rate in TF solar cell production and 
a reduction in the necessary thickness, drastically improves the speed of fabrication. Furthermore, 
an ultrathin film photoactive layer exhibits a decreased recombination rate which further increases 
the open circuit voltage (𝑉𝑜𝑐) Equation 4.1 [8], where 𝐼𝑝ℎ𝑜𝑡𝑜 and 𝐼𝑑𝑎𝑟𝑘are the light and dark current 
respectively. 
𝑉𝑜𝑐 =
𝑘𝑇
𝑄
𝑙𝑛 (
𝐼𝑝ℎ𝑜𝑡𝑜
𝐼𝑑𝑎𝑟𝑘
+ 1) 
 Equation 4.1 [8] 
The ultrathin film designs for a-Si:H reduces the well-known Staebler-Wronski degradation effect 
which affects the long-term stability and performance, where the photogenerated charge carriers 
are trapped during the light-soaking in the intrinsic region [9]. An ultrathin n-i-p configuration 
produces stable devices, due to reduction in light induced degradation effects, where the charge 
carriers can be extracted via the external circuit before they recombine due to the enhanced built-
in electric field at the n/i and p/i junctions [1, 10]. However, the use of the ultrathin photoactive 
layer reduces the short-circuit current density (𝐽𝑠𝑐) due to the decreased optical path length in the 
semiconductor. All future a-Si:H PV devices described in this thesis will be based on n-i-p 
configuration. Figure shows the fraction of absorbed AM1.5G solar spectrum by n-i-p a-Si:H TF 
PV cells based on the thickness of the amorphous silicon photoactive layer. The simulation setup 
parameters used for the optoelectronic solar cell simulation are available in Appendix A. It is clear 
that the photocurrent generation increases as the thickness of the a-Si:H layer increases. The 
surface refection resembles the un-shaded area of the AM1.5G solar spectrum. The absorption 
band edge of the amorphous silicon is at 710 nm which corresponds to an optical bandgap of 
1.75 eV. The light absorption increases for long wavelengths (λ>600 nm) as the optical path length 
of the light is increased for a-Si:H layer with thickness > 300 nm. Table 4.2 shows the integrated 
absorbed and collected photocurrents of amorphous silicon with different thicknesses 
corresponding to Figure 4.3.  
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Figure 4.3 Fraction of AM1.5G solar spectrum absorbed (shaded area) in an amorphous silicon layer of varying thinness contained within an n-i-p thin film PV cell. Note: 
The black line is the total photocurrent available from the AM1.5G solar spectrum. Surface reflections from the amorphous silicon are also taken into account. The theoretical 
maximum limit of the absorbed photocurrent in the amorphous silicon is 20.77 mA cm-2 for an optical bandgap of 1.75 eV. 
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Table 4.2 Absorbed and collected photocurrents for different amorphous silicon thicknesses 
integrated in the n-i-p configuration of a TF PV solar cell illuminated under AM1.5G. Note: the total 
integrated photocurrent for amorphous silicon is 20.77 mA cm-2 for the absorption edge at 710 nm 
(Eg~1.75 eV). 
Amorphous Silicon Thickness (nm) Absorbed Photocurrent (mA) Collected Photocurrent (mA) 
100 10.20 7.84 
200 11.99 9.10 
300 12.84 9.90 
400 13.35 10.41 
500 13.71 10.77 
600 13.97 11.03 
700 14.17 11.23 
800 14.33 11.40 
900 14.46 11.54 
1000 15.57 11.65 
 
Typically, commercial and research based a-Si:H TF PV devices are fabricated using a 300-500 
nm thick a-Si:H layer to balance out maximum photon absorption and maximum charge 
extraction. The next targeted step towards ultrathin a-Si:H PV cells is to use a 200 nm thin a-Si:H 
layer, which is 33% less material usage compared to 300 nm. The addition of plasmonic metal 
nanoparticles at different positions in the PV device architecture will help to maintain similar light 
absorption and output parameters compared to 300 nm thick a-Si:H PV cell. Table 4.3 compares 
the output performance parameters of research based n-i-p configured a-Si:H TF PV cells of 
different the photoactive layer thickness.  
Table 4.3 Output performance parameters of research based the n-i-p configured amorphous silicon 
thin film photovoltaic device based on different thicknesses of photoactive layer. 
Source Photoactive 
layer thickness 
Area (mm2) Voc (V) Jsc (mA cm-2) FF (%) η (%) 
[10] n-i-p (500 nm) 119 0.80 10.90 63.07 5.50 
[11] n-i-p (300 nm) 26 0.94 8.2 74.90 5.90 
[11] n-i-p (500 nm) 26 0.89 10.31 66.61 6.10 
[12] n-i-p (500 nm) 13 0.93 9.86 55.00 4.90 
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It is very clear from Table 4.3 that the Voc of the a-Si:H cells are not consistent and significantly 
depends on the processing conditions and the quality of the a-Si:H. The average Voc and FF was 
measured to be 0.89 V and 65% respectively. The Jsc would change based on the processing 
conditions, quality and the thickness of the a-Si:H layer. Hence appropriate benchmarking was 
carried out to characterise the simulated PV cells using the Silvaco Atlas TCAD. Table 4.4 shows 
the output parameters of the simulated n-i-p amorphous silicon TF solar cells using the Ray 
Tracing method. The output parameters are consistent and show a good correlation with the 
experimental values. The FF of the simulated devices are 15% higher compared to experimental 
average values, as the simulation setup did not consider the parasitic resistance (series and 
shunt) and the device was simulated as an ideal case condition. As the FF also depends on the 
interconnections of the cells into panel, the charge extraction of the photogenerated charges in 
the devices was kept ideal. Figure 4.4 (a) shows the trend of the increase in the Jsc and Figure 
4.4 (b) shows the linear decrease in the FF with the increase in the photoactive layer thickness. 
The Voc is 0.85 V for photoactive layer thicknesses less than 700 nm, but decreases to 0.84 V for 
thicknesses more than 800 nm. Figure 4.4 (c) shows the power conversion efficiency of the a-
Si:H TF PV devices and follows the same trend as the Jsc. Figure 4.4 (d) shows that the 
recombination rate in the device increases as there are more charges recombining before they 
are extracted at the electrodes.  
Table 4.4 Output performance parameters of the simulated n-i-p thin film amorphous silicon 
photovoltaic device using the Ray Tracing method.  
Amorphous Silicon Thickness (nm) Voc  (V) Jsc  (mA cm-2) FF (%) η (%) 
100 0.85 7.84 77.92% 5.16 
200 0.85 9.10 77.83% 6.03 
300 0.85 9.90 77.56% 6.55 
400 0.85 10.41 77.58% 6.87 
500 0.85 10.77 77.40% 7.08 
600 0.85 11.03 77.16% 7.21 
700 0.85 11.23 76.99% 7.31 
800 0.84 11.40 76.79% 7.38 
900 0.84 11.54 76.56% 7.43 
1000 0.84 11.65 76.39% 7.47 
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Figure 4.4 (a) Current density, (b) Fill factor, (c) Efficiency and (c) the total recombination rate of the 
simulated n-i-p thin film amorphous silicon photovoltaic device of different photoactive layer 
thicknesses. 
Figure 4.5 (a) shows the energy band diagram of the n+-p-p+ based TF PV device and a graphic 
representation of the charge transport and collection of the photogenerated charge carriers. 
Figure 4.5 (b) shows the simulated energy band diagram of the TF a-Si:H PV device using Silvaco 
Atlas TCAD. 
 
Figure 4.5 (a) Energy band diagram of the n+-p-p+ based thin film photovoltaic device and graphic 
representation of the charge transport of the photogenerated charge carriers [13]. (b) Simulated 
energy band diagram of the amorphous silicon thin film photovoltaic device using Silvaco Atlas. 
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Figure 4.6 (a) Device structure and (b) Device mesh of the n+-p-p+ doped amorphous silicon thin film photovoltaic device modelled in Silvaco Atlas TCAD. Note: ITO and 
Aluminium acts as cathode and anode electrodes respectively. 
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Figure 4.7 Net doping concentration of the n+-p-p+ configured thin film amorphous silicon 
photoactive layer. Note that the doping levels are on a log scale. 
 
Figure 4.6(a) shows the device structure of the simulated n+-p-p+ configured a-Si:H TF PV device 
and Figure 4.6(b) shows the corresponding device mesh generated for the structure file. The 
photoactive layer was applied doping with doping concentration of 1 x 1018 (n+), 1 x 1014 (p) and 
1 x 1018 (p+) cm-3 as shown in Figure 4.7. The built-in electric field in the a-Si:H profile (Figure 4.8) 
is formed at the two junctions, i.e n+/p and p+/p, and can be seen at 25 and 175 nm from the 
cathode respectively. 
 
Figure 4.8 Built-in electric field profile in the n+-p-p+ configured thin film amorphous silicon 
photoactive layer. 
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4.3 Plasmonic Light Trapping in Ultrathin Film Amorphous Silicon 
Photovoltaic Devices 
Rapid prototyping of PV cells requires a method for the simultaneous simulation of the optical and 
electrical characteristics of the device. The development of nanomaterial- enabled PV cells only 
increases the complexity of such simulations. Here, we use a commercial TCAD software, Silvaco 
Atlas, to design and model plasmonic silver nanoparticles integrated in optoelectronic device 
models of thin-film amorphous silicon (a-Si:H) PV cells [14]. Upon illumination with solar light, the 
optical and electrical properties of the cell were simulated simultaneously. This section covers the 
development of the optoelectronic model to simulate the plasmonic metal nanoparticles integrated 
into the TF a-Si:H PV device architecture. Appendix A discusses the device architecture, optical 
and electrical simulation environment, electrical simulation material parameters, defect trap states 
in a-Si:H and optical simulation setup.  
Figure 4.9 compares the reference and plasmonic TF a-Si:H PV device architectures in n-i-p 
configuration with a 200 nm thin a-Si:H layer sandwiched between the top indium tin oxide (ITO) 
contact and the back Aluminium (Al) contact. Glass (SiO2) was simulated on top of the ITO as the 
dielectric buffer layer. Figure 4.9(a) shows the reference device architecture. Figure 4.9 [(b) and 
(c)] shows plasmonic PV incorporating 10 and 30 nm radii silver nanoparticles embedded in the 
glass. Similarly, Figure 4.9 [(d) and (e)] shows the nanoparticles embedded in the a-Si:H towards 
the ITO interface and Figure 4.9 [(f) and (g)] shows the nanoparticles embedded in the a-Si:H 
towards the Aluminium interface respectively. Figure 4.10 shows the generated device meshes 
for the reference and plasmon enhanced TF a-Si:H PV device architectures corresponding to 
Figure 4.9. 
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Figure 4.9 (a) Reference thin film amorphous silicon (a-Si:H) photovoltaic device architecture in an 
n-i-p configuration with a 200 nm thick a-Si:H layer sandwiched between an indium tin oxide (ITO) 
top contact and an Aluminium back contact. Glass (SiO2) was simulated on top of the ITO as the 
dielectric buffer layer. (b-g) Plasmonic PV device architectures incorporating 10 and 30 nm radii 
silver nanoparticles embedded [(b) and (c)] in glass, [(d) and (e)] in the a-Si:H towards the ITO 
interface and [(f) and (g)] in the a-Si:H towards the Aluminium interface, respectively. The scale bar 
in (a) is 100 nm. 
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Figure 4.10 Device mesh of the plasmon enhanced thin film amorphous silicon (a-Si:H) photovoltaic 
device architectures given in Figure 4.9. The scale bar in (a) is 100 nm. 
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Figure 4.11(a) shows the formation of steady state optical intensity interference patterns in the a-
Si:H layer of the reference device due to the back reflection from the Al electrode. Constructive 
interference of high light intensity (blue colour) is observed near the front and rear of the a-Si:H 
layer and destructive interference of lower light intensity (purple colour) is observed in near the 
middle of the a-Si:H layer. Figure 4.11[(b)-(g)] shows examples of the optical intensities of the 
plasmonic enhanced TF a-Si:H PV device architectures. Figure 4.11 [(b), (c), (d) and (e)] show 
that, directly below the nanoparticle, the underlying a-Si:H is shadowed from the incident light, 
but in areas directly adjacent to the shadowed areas, an increased optical intensity can be 
observed. This phenomenon is forward light scattering, as previously described in Figure 2.36 
(a). Figure 4.11[(f) and (g)] shows that the optical intensity is increased directly above and 
adjacent to the nanoparticle, where the reflected light is back scattered from the metal 
nanoparticle, as previously described in Figure 2.36 (b). Figure 4.11(b) shows that the light 
interaction with the 10-nm silver nanoparticle in glass is less significant than that for the 30-nm 
nanoparticle Figure 4.11(b). The silver nanoparticle embedded in the a-Si:H positioned towards 
the ITO electrode [Figure 4.11(d) and (e)] undergoes strong LSPR, producing an enhanced 
localized optical field intensity, surrounding the nanoparticle, which extends well into the glass 
layer and results in forward light scattering in the PV cell active layer. The silver nanoparticle 
embedded in a-Si:H towards the rear Aluminium electrode undergoes relatively weak LSPR and 
results in a relatively weak localised enhanced optical field intensity surrounding the nanoparticle. 
The silver nanoparticle embedded in the glass also undergoes LSPR but, as it is electrically 
isolated from the a-Si:H layer [Figure 4.11(b) and (c)], light scattering is the dominant effect. In 
the case of silver nanoparticles embedded within the a-Si:H, at the electrode interfaces [Figure 
4.11(d)-(g)], both light scattering and LSPR are observed.  
Figure 4.12 compares the optical photogeneration rate of the reference with the plasmonic 
enhanced TF a-Si:H PV device architectures. The optical photogeneration rate profile in the a-
Si:H layer of the reference cell follows the Beer-Lambert law and exponentially decays over the 
thickness of the silicon, however the optical photogeneration rate is enhanced due to LSPR and 
light scattering effects. Again, when the silver nanoparticle is embedded in the glass [Figure 
4.12(b) and (c)], the optical photogeneration rate is solely enhanced by light scattering. For the 
silver nanoparticles embedded in the a-SiH: layer [Figure 4.12(d)-(g)], optical photogeneration 
rate enhancement both from light scattering and LSPR are observed.  
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Figure 4.11 Optical Intensity (mW cm-2) calculated from the optical simulation of the under AM1.5G 
Illumination for the (a) reference and (b-g) plasmon enhanced thin film amorphous silicon 
photovoltaic device architectures. The scale bar in (a) is 100 nm. 
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Figure 4.12 Optical photogeneration rate (cm-3 s-1) calculated from the optical intensity profile in the 
amorphous silicon layer for the (a) reference and (b-g) plasmon enhanced thin film amorphous 
silicon photovoltaic device architectures. The scale bar in (a) is 100 nm. 
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Figure 4.13 compares the electric field distribution in the a-Si:H layer, due to optical intensity and 
the built-in electric field. The electric field in the reference cell [Figure 4.13(a)] and for the 
nanoparticle electrically isolated from the a-Si:H layer [Figure 4.13(b) and (c)] is dominated by the 
built-in electric field. The PV devices with the nanoparticles embedded in the glass show no 
degradation effects and diode characteristics are preserved. The electric field in the a-Si:H where 
the nanoparticle is embedded in the a-Si:H layer [Figure 4.13(d)-(g)] shows the localized 
enhanced electric field (LEEF) around the nanoparticle. The LEEF around the 30 nm radius silver 
nanoparticle embedded in the a-Si:H layer at the ITO electrode interface [Figure 4.13(e)] results 
in the degradation of the diode like characteristics of the PV cell and results in the device acting 
as a resistor, rather than a semiconducting diode. The LEEF around the smaller 10 nm radius 
nanoparticle does not however affect the diode characteristics. The LEEF around the silver 
nanoparticles at the rear, aluminium electrode [Figure 4.13(f) and (g)] is relatively weak, compared 
to the nanoparticle at the ITO interface [Figure 4.13(d) and (e)], and does not affect the built-in 
electric field of the device preserving the diode characteristics. A more detailed analysis of the 
effects of the LEEF on the diode behaviour is given in chapter 5.2.1.1. 
Figure 4.14 compares the recombination rates in the a-Si:H layer of the reference and plasmon 
enhanced TF a-Si:H PV devices. Due to the disordered nature of the a-Si:H layer, recombination 
occurs in the entire active layer as shown in the reference cell [Figure 4.14(a)]. The LSPR around 
the metal nanoparticle enhances photogeneration due to the enhanced localised optical and 
electrical fields. The LEEF in the vicinity of the nanoparticle provides a less resistive route for the 
photogenerated charge carrier to be extracted, and as a result, the localized recombination rates 
are lower for the PV device with the nanoparticle embedded in the active layer when compared 
to the reference device. The recombination rate of the PV device with the 30-nm radii nanoparticle 
embedded in the a-Si:H layer at the ITO interface [Figure 4.14(e)] is close to zero, as the 
nanoparticle acts as an extension to the top ITO electrode and forms an Ohmic path for the charge 
carriers to flow freely between the electrodes, which leads to a resistor like behaviour. The 
recombination rates of the plasmonic PV devices with nanoparticles embedded in the glass layer 
[Figure 4.14(b) and (c)] are not affected, and as they are electrically isolated from the a-Si:H active 
layer are the same as reference device. The recombination rates of the remainder of the 
plasmonic PV devices [Figure 4.14(d), (f) and (g)] are reduced compared to the reference device.   
93 
 
 
 
 
Figure 4.13 Electric field (V cm-1) calculated from the optical intensity and the built-in electric field in 
the amorphous silicon layer for the (a) reference and (b-g) plasmon enhanced thin film amorphous 
silicon photovoltaic device architectures. The scale bar in (a) is 100 nm. Note: The E-Field 
distribution shown here is the form of magnitude.  
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Figure 4.14 Recombination rate (cm-3 s-1) calculated in the amorphous silicon layer for the (a) 
reference and (b-g) plasmon enhanced thin film amorphous silicon photovoltaic device 
architectures. The scale bar in (a) is 100 nm. 
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The simulated electrical and optical performance parameters of the reference and plasmon enhanced n+-p-p+ configured TF a-Si:H PV devices is shown in Table 4.5. 
The plasmonic devices are classified into two types: (a) where the metal nanoparticles are electrically isolated from the a-Si:H by being embedded in glass and (b) 
where the nanoparticle is electrically active being embedded within the a-Si:H. This classification allows the examination of the enhancement effects associated with 
two different plasmonic phenomena; light scattering and LSPR respectively. As a consequence of the different phenomena occurring, direct comparison between the 
2 types of plasmonic device is not appropriate but differences between the same architecture (e.g. different nanoparticle dimensions) are comparable. 
Table 4.5 Simulated electrical and optical performance parameters of reference and plasmon enhanced n-i-p configured thin film amorphous silicon photovoltaic devices.  
Nanoparticle 
Position 
Nanoparticle 
Radius (nm) 
Voc (V) Jsc (mA cm-2) FF (%) η (%) Optical 
Photogeneration 
Rate (cm-3 s-1) 
Recombination 
Rate (cm-3 s-1) 
 
Reference 
 
- 
 
0.85 
 
9.10 
 
77.83 
 
6.03 
 
7.79 x 1021 
 
5.52 x 1012 
Glass (Front) 10 0.85 9.17 77.83 6.08 7.84 x 1021 5.52 x 1012 
 30 0.85 9.43 77.84 6.26 8.07 x 1021 5.52 x 1012 
a-Si:H/ITO (Front) 10 0.85 9.36 78.63 6.25 8.01 x 1021 5.43 x 1012 
 30 5.04 x 10-08 5.61 00.00 0.00 4.80 x 1021 7.79 x 1011 
a-Si:H/Al (Back) 10 0.85 9.34 77.83 6.20 8.00 x 1021 5.50 x 1012 
 30 0.85 9.12 77.24 6.00 7.80 x 1021 5.00 x 1012 
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The electrical properties of the plasmonic devices are significantly affected by the incorporation 
of the nanoparticles in the a-Si:H layer, but less so for the electrically isolated nanoparticle 
embedded in the glass. The Voc of the plasmon enhanced devices is unchanged at 0.85 V, with 
the exception of the device containing the 30 nm silver nanoparticle embedded in the a-Si:H at 
the ITO electrode. Similarly, but with the exception of the device with the 30 nm nanoparticle 
embedded in the a-Si:H at the ITO electrode, the charge carrier transport in the cell is not 
significantly affected by the presence of the silver nanoparticle and the fill factor of all the devices 
are relatively unchanged at 78%.  
The recombination rates of the plasmonic devices are unaffected compared to the reference when 
the nanoparticles are electrically isolated from the a-Si:H and embedded in the glass. In 
comparison, incorporating the nanoparticles in the active layer of the PV causes a decrease in 
recombination rate compared to the reference device: the PV with the 30 nm-radius nanoparticle 
embedded in the a-Si:H at the ITO electrode displays characteristics typical of a short-circuited 
diode, with charge carrier leakage between the electrodes resulting in short-circuit-like behaviour. 
With regard to the optical photogeneration, the highest optical photogeneration in the plasmonic 
device is shown by the 30-nm-radius nanoparticle embedded in the glass, although the device 
containing the 10-nm-radius nanoparticle embedded in the active layer does shows modest 
increase in optical photogeneration versus the reference device. 
The plasmonic effect is principally observed in the Jsc of the PV devices, and is related to the 
optical photogeneration rate. There is a 0.8 and 3.5 % relative increase in the plasmonic devices 
with 10 and 30 nm radius nanoparticles respectively embedded in the glass, principally due to the 
forward light scattering effect. Also, there is a 2.8 and 0.2 % relative increase in the plasmonic 
devices with 10 and 30 nm radius nanoparticles embedded in the a-Si:H layer adjacent to either 
the ITO or Al respectively. This modest increase is primarily due to LSPR and light scattering 
effects. As a result of the increase in Jsc, there is an equivalent 0.8 and 3.7 % relative increase in 
the efficiency of the plasmonic devices with 10 and 30 nm radius nanoparticles embedded in the 
glass and 3.5 and 2.9 % relative increase for the 10 nm radius silver nanoparticles embedded in 
the a-Si:H layer adjacent to the front, ITO, and rear, Al, electrodes respectively. The efficiency of 
the plasmonic device with the 30 nm silver nanoparticle embedded in the a-Si:H layer adjacent to 
the ITO electrode is zero due to degradation of the electrical properties of the device. Figure 4.15 
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compares the J-V and the EQE curves of the reference and plasmon enhanced TF a-Si:H PV 
devices.  
 
Figure 4.15 (a) Current-voltage, (b) external quantum efficiency plots for the reference and plasmon 
enhanced n+-p-p+ configured thin film amorphous silicon photovoltaic devices. MNP = metal 
nanoparticle. 
The dark and illuminated current-voltage curves for the 30 nm silver nanoparticle embedded in 
the a-Si:H adjacent to the ITO electrode are presented in Appendix A1.2. Figure 4.16 (a) and 
Figure 4.16(b) compare the surface reflection and light absorption occurring in the a-Si:H layer 
for the reference and plasmonic TF a-Si:H PV devices. The optical data in Figure 4.16 is analysed 
by calculating the relative percentage change in the surface reflection and absorption in the 
plasmonic devices compared to the reference devices between the 300-720 nm wavelengths. 
The surface reflection from all the plasmonic PV devices is reduced and all plasmonic devices 
show a consistent increase in the light absorption in the a-Si:H layer. It is important to note that 
the plasmonic device with 30 nm silver nanoparticle embedded in the a-Si:H adjacent to the ITO 
electrode displays superior optical properties, compared to the reference device, despite its poor 
electrical properties. 
 
Figure 4.16 (a) Surface reflection and (b) spectral absorption in the reference and plasmonic thin film 
amorphous silicon photovoltaic devices. MNP = metal nanoparticle. 
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Table 4.6 Relative change in the surface reflection and absorption in the plasmonic thin film 
amorphous silicon photovoltaic devices compared to reference device. Note: the average surface 
reflection and absorption for the reference device is 38.53% and 48.86% respectively. 
Nanoparticle Position Nanoparticle 
Radius (nm) 
Relative Change in 
Surface Reflection (%) 
Relative Change 
in absorption (%) 
Glass (Front) 10 -2.38 1.62 
 30 -6.84 3.97 
a-Si:H/ITO (Front) 10 -8.12 6.55 
 30 -25.06 15.10 
a-Si:H/Al (Back) 10 -4.78 4.51 
 30 -4.38 5.14 
 
The optoelectronic model has helped to quantify increases in PV device performance due to 
plasmonic effects produced by the presence of the metal nanoparticles. Here we have focused 
on the methodology used in designing the plasmonic PV cells, understanding the metal 
nanoparticle plasmonic light trapping phenomena and exploring ways to improve PV device 
efficiency. A more comprehensive analysis of the inclusion of multiple silver and gold 
nanoparticles of different sizes, in different positions in the device architecture, and pitch 
optimization is presented in Chapter 5. 
4.4 Summary 
In this chapter, a-Si:H PV technology was thoroughly reviewed by looking at both commercial and 
laboratory based single junction cells in p-i-n superstrate and n-i-p substrate configurations. 
Design and performance analysis of existing TF a-Si:H PV devices was undertaken to identity the 
limits and challenges in maintaining the device efficiency of the next generation ultrathin film n-i-
p configured a-Si:H PV. Benchmarking of TCAD Silvaco Atlas model was successfully carried out 
to validate the results produced by the software with experimentally measured TF a-Si:H PV 
devices. Finally, an advanced optoelectronic device simulation methodology for simultaneously 
optimizing the electrical and optical properties of plasmonic PV devices was produced. We 
introduced the plasmonic light trapping model to simulate metal nanoparticles incorporated into 
the device architecture of the TF a-Si:H PV device. We also showed the improvement route to 
enhance efficiency by classifying the plasmonic devices into two categories depending on the 
positioning the plasmonic metal nanoparticles. This model was demonstrated using 10 and 30 
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nm radius nanoparticles positioned in there different locations in the PV device architecture. The 
model has been used to understand the effects of the addition of the metal nanoparticles on the 
performance of the TF a-Si:H PV devices. At least 3% increase in the efficiency of the plasmon 
enhanced TF a-Si:H PV devices was observed as a result of the light scattering and LSPR effects.  
The study carried out using the TCAD software is based on 2D analysis of plasmonic metal 
nanoparticles on the performance of the TF a-Si:H PV devices. The nanoparticles designed using 
the software is the form of a circle in a 2D plane. Extending the circle into the planar axis, the 2D 
circle will be represented as a 3D cylindrical rod. This is the limitation of the 2D analysis and is 
the best approximation to a 3D sphere. The simulation results are still valid for plasmonic effects 
of the nanoparticle, however the results cannot be translated to the 3D study. 
In the next chapter, we perform optimisation processes on the plasmonic devices to fine tune the 
plasmonic effects where, (a) the metal nanoparticles are electrically isolated from the a-Si:H and 
embedded in glass and (b) the nanoparticle is electrically active within the a-Si:H. Two different 
optimisation processes, metal nanoparticle size and pitch (separation distance), will be carried 
out on the two types of plasmonic devices.  
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Chapter 5 Optimisation of Plasmonic Light Trapping in Ultrathin 
Film Amorphous Silicon Photovoltaic Devices 
In this chapter, we show the size and pitch optimisation of the metal nanoparticles incorporated 
in the different position of the a-Si:H devices as described in the Chapter 4.  
5.1 Optimisation of Electrically Isolated Plasmonic Metal 
Nanoparticles  
The schematic diagram of plasmonic light trapping using metal nanoparticles embedded in the 
glass substrate, and electrically isolated from the a-Si:H layer is shown in Figure 5.1. The metal 
nanoparticles, facing the incoming illuminating solar radiation, scatter light into the device 
structure which is trapped within the a-Si:H layer due to multiple light reflections at various 
angles. The size and the pitch (separation distance) of the metal nanoparticles changes the 
coupling of solar radiation into the TF a-Si:H PV device architecture. Size and pitch optimisation 
analysis of the metal nanoparticles is carried out in the section 5.1.1 and 5.1.2 respectively. 
 
Figure 5.1 Light scattering, by metal nanoparticles embedded in glass, into the thin film amorphous 
silicon photovoltaic device. The white dashed lines represent the position of the junction. Note: 
The dimensions of the materials are not to scale. 
 Size Optimisation 
Table 5.1 compares the electrical and optical performance parameters of reference device with 
plasmonic devices incorporating different radius silver and gold nanoparticles embedded in 
glass. It is evident that 𝑱𝒔𝒄 changes with the nanoparticle type and size. However, there are no 
significant changes in the 𝑽𝒐𝒄 and the 𝑭𝑭 of the plasmonic devices. The 𝑱𝒔𝒄 of the plasmonic 
devices peaks for 40 nm radius silver and gold nanoparticles where an increase of 4.73% and 
4.95 % is observed, compared to the reference device, which corresponds to an 5.14% and 
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5.31% increase in efficiency. The photogeneration rate also increases for the plasmonic devices 
and follows the same trend as 𝑱𝒔𝒄. The recombination rate of all the reference and plasmonic 
devices was constant at 5.52 x 1012 cm-3s-1. 
Table 5.1 Simulated electrical and optical performance parameters of n-i-p configured 200 nm thick 
amorphous silicon photovoltaic cell comparing reference and plasmonic devices with silver and 
gold nanoparticles of different radii embedded in glass. MNP = metal nanoparticle. 
MNP  
Material 
MNP  
Radius (nm) 
Voc  
(V) 
Jsc  
(mA cm-2) 
FF  
(%) 
η  
(%) 
Photogeneration rate  
(cm-3 s-1) 
Reference - 0.85 9.10 77.83 6.03 7.79 x 1021 
Silver 10 0.85 9.17 77.83 6.08 7.78 x 1021 
 20 0.85 9.32 77.87 6.19 7.98 x 1021 
 30 0.85 9.43 77.84 6.26 8.07 x 1021 
 40 0.85 9.53 77.88 6.34 8.16 x 1021 
 50 0.85 9.34 77.79 6.20 8.00 x 1021 
Gold 10 0.85 9.15 77.88 6.07 7.83 x 1021 
 20 0.85 9.34 77.93 6.20 7.99 x 1021 
 30 0.85 9.48 77.93 6.30 8.11 x 1021 
 40 0.85 9.55 77.97 6.35 8.17 x 1021 
 50 0.85 9.46 77.90 6.28 8.09 x 1021 
 
Figure 5.2(a) shows the J-V curves of the reference and optimum plasmonic devices with 40 nm 
radius silver and gold nanoparticles. Figure 5.2(b) compares the 𝑱𝒔𝒄 of the reference and 10-50 
nm radius silver and gold nanoparticle based plasmonic devices.  
 
Figure 5.2(a) Current density-voltage curves comparing reference and plasmonic devices with 40 
nm silver and gold nanoparticles embedded in glass. (b) Current density of silver and gold 
nanoparticle plasmonic devices as a function of metal nanoparticle radius. 
103 
 
Figure 5.3 (a-c) compares the reference and plasmonic device structures with 40 nm radius 
silver and gold nanoparticles embedded in glass. Figure 5.3 (d-f) and (g-i) compares the steady 
state optical intensity profile in the device structure, and the photogeneration rate in the a-Si:H 
layer respectively, obtained from FDTD analysis under AM1.5G solar spectrum. The change in 
the optical intensity and photogeneration rate, due to the plasmonic metal nanoparticle, was 
sampled along the section lines (solid and dash) and plotted in Figure 5.4 as a function of the a-
Si:H layer thickness.  
 
Figure 5.3 (a-c) Reference and plasmonic amorphous silicon photovoltaic device structures with 
200 nm thick active layers, incorporating 40 nm radius silver and gold nanoparticles embedded in 
glass. (d-f) Optical intensity profile in the device structure illuminated with the AM1.5G solar 
spectrum. (g-i) Photogeneration rates in the a-Si:H calculated from the optical intensity profile. The 
scale bars in each case are 100 nm. 
 
Figure 5.4 (a) Optical intensity and (b) Photogeneration rate profiles in the amorphous silicon layer 
of the reference (black line) and plasmonic device structures (red line = silver, blue line = gold) as a 
function of the cross-section distance in the amorphous silicon layer, measured at the solid and 
dashed section lines in the optical intensity and photogeneration rate plots in Figure 5.3. 
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The dashed and solid lines in Figure 5.3 represent both the optical and photogeneration data 
measured below and beside the nanoparticle respectively. The optical intensity profile in Figure 
5.4(a) of the reference device (black line) shows two maxima at 75 nm and 175 nm distance in 
the a-Si:H layer. Introducing the 40 nm silver and gold nanoparticles enhances the optical 
intensity [solid lines in Figure 5.3(d-f)] by 12.76% and 13.42% respectively due to scattering 
effects, compared to reference device. However, the optical intensity below the 40nm silver and 
gold nanoparticle [dashed lines Figure 5.3(d-f)] is decreased by 31.73% and 33.69% 
respectively, due to shadowing effects. The photogeneration rate profile in Figure 5.4(b) of the 
reference device (black line) follows the Beer-Lambert exponential law in comparison, ripples 
are observed in the plasmonic devices. As a result, the photogeneration rate of the plasmonic 
device is increased by 15.40% and 11.04% for 40nm silver and gold nanoparticles respectively. 
Similarly to optical intensity, the photogeneration rate below the nanoparticle is also reduced by 
24.39% and 24.26% respectively for 40 nm radius silver and gold nanoparticles due to 
shadowing effects. Despite the shadowing effects on the optical intensity and photogeneration 
rate, the total integrated photogenerated rate of the plasmonic devices for all the nanoparticle 
incorporated devices was increased compared to the reference device (Table 5.1).  
Appendix B1 compares the device structure, device mesh, optical intensity and photogeneration 
rates of the reference and plasmonic devices with 10-50 nm radius silver and gold nanoparticles 
embedded in glass. The optical intensity profiles of the plasmonic devices shows that light 
scattering increases with the increase of the metal nanoparticle size, while at the same time the 
active layer directly below the nanoparticle is shadowed. The 40 nm radius nanoparticle shows 
the maximum light coupling into the a-Si:H layer due to forward light scattering, while back 
scattering light from the 50 nm radius nanoparticle results in higher amounts of shadowing.  
In order to understand the optical effects, spectral analysis of the plasmonic devices was carried 
out by analysing the surface reflections from the device architecture, and the absorption in the 
a-Si:H layer, for 10-50 nm radius nanoparticles. Figure 5.5 shows a 2D contour plot of the 
surface reflection for the reference and plasmonic devices. The average surface reflection of the 
reference device was 38.53% across 300-720 nm wavelengths and Table 5.2 shows relative 
decrease in the surface reflection for all the metal nanoparticle plasmonic devices. Figure 5.6 
shows the relative change in the surface reflection from the glass layer which was also 
calculated by normalising the data to the reference device.  
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Figure 5.5 2D contour map of the surface reflections from the glass layer of the plasmonic 
amorphous silicon photovoltaic device structure across the solar spectrum (300-720 nm) as a 
function of (a) silver and (b) gold nanoparticle radius. Note: The surface reflection from the 
reference device is represented as zero metal nanoparticle radius. 
Table 5.2 Relative decrease in the surface reflection from the glass layer of the plasmonic 
amorphous silicon photovoltaic device compared to the reference device. Note the average surface 
reflection of the reference device is 38.53% across wavelengths from 300-720 nm. 
Nanoparticle Radius (nm) Relative Surface Reflection (%) 
Metal Material Ag Au 
10 -2.13 -1.10 
20 -3.60 -4.22 
30 -6.39 -7.41 
40 -7.67 -9.22 
50 -2.20 -3.58 
 
 
Figure 5.6 2D contour map of the normalized surface reflections from the glass layer of the 
plasmonic amorphous silicon photovoltaic device structure across the solar spectrum (300-720 
nm) as a function of (a) silver and (b) gold nanoparticle radius. 
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The surface reflection was optimum for 40 nm radius silver and gold nanoparticles, where a 
relative decrease of 7.67% and 9.22% respectively was observed compared to the reference 
device. 
Figure 5.7 shows the 2D contour plot of the spectral absorption in the a-Si:H layer of the 
reference and plasmonic devices. The average absorption in the a-Si:H layer of the reference 
device was 48.86 % across 300-720 nm wavelengths and Table 5.3 shows the relative increase 
for the plasmonic devices for all metal nanoparticle radius. Figure 5.8 shows the relative change 
in the spectral absorption in the a-Si:H layer of the plasmonic devices. The absorption was 
optimum for 40 nm radius silver and gold nanoparticle, where a relative increase of 4.92% and 
6.14% respectively was observed compared to reference device.  
 
Figure 5.7 2D contour map of the spectral absorption in the amorphous silicon layer of the 
plasmonic photovoltaic device structure across the solar spectrum (300-720 nm) as a function of 
(a) Silver and (b) Gold nanoparticle radius. Note: The spectral absorption in the reference device is 
represented as zero metal nanoparticle radius. 
Table 5.3 Relative increase in the absorption of the amorphous silicon layer of the plasmonic 
photovoltaic devices compared to the reference device. Note the average absorption in the 
amorphous silicon layer for the reference device is 48.86% across 300-720 nm wavelengths. 
Nanoparticle Radius (nm) Relative Absorption (%) 
Metal Material Ag Au 
10 1.65 0.69 
20 2.39 2.89 
30 4.13 4.94 
40 4.92 6.14 
50 0.97 2.04 
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Figure 5.8 2D contour map of the normalized spectral absorption in the amorphous silicon layer of 
the plasmonic photovoltaic device structure across the solar spectrum (300-720 nm) as a function 
of (a) Silver and (b) Gold nanoparticle radius. 
The optical data was further analysed and plotted in Figure 5.9 to calculate the average surface 
reflection and spectral absorption for reference and all nanoparticle size plasmonic devices.  
 
Figure 5.9 Averaged (a) surface reflection from the glass and (b) spectral absorption in the 
amorphous silicon layer of the plasmonic photovoltaic devices as a function of silver and gold 
nanoparticle radius across 300-720 nm wavelengths. 
The plasmonic effects also result in parasitic absorption losses in the silver and gold metal 
nanoparticles which do not contribute to photocurrents. Table 5.4 shows the averaged parasitic 
absorption losses in the silver and gold nanoparticles in the device architecture. The average 
parasitic absorption in the reference device is 12.61%, due to absorption in the ITO and 
aluminium, and upon the integration of the metal nanoparticles the losses increase with the 
nanoparticle radius. Appendix B1 compares the optical properties of the plasmonic 
nanoparticles by analysing the extinction, absorption, forward scattering, back scattering and 
albedo of the 10-50 nm radius silver and gold nanoparticles embedded in the glass.  
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Table 5.4 Parasitic absorption losses in the silver and gold nanoparticles of the plasmonic devices 
compared to reference device. Note the average parasitic absorption in the reference device is 
12.61% across 300-720 nm wavelengths. 
Nanoparticle Radius (nm) Parasitic Absorption Losses (%) 
Metal Material Ag Au 
10 0.01 0.26 
20 0.53 0.39 
30 1.25 1.02 
40 1.63 1.30 
50 1.71 1.49 
The external (Figure 5.10) and internal (Figure 5.11) quantum efficiency was also analysed to 
satisfy the optical data by normalising EQE and IQE of all the plasmonic devices against the 
reference device. The average EQE of the reference device was 48.23% across 300-720 nm 
wavelengths and Table 5.5 shows the relative change in the EQE for all the plasmonic devices.  
 
Figure 5.10 2D contour plot of the normalized change in external quantum efficiency of the 
plasmonic amorphous silicon photovoltaic devices across the solar spectrum (300-720 nm) as a 
function of (a) Silver and (b) Gold nanoparticle radius. 
Table 5.5 Relative increase in the external quantum efficiency of the plasmonic amorphous silicon 
devices compared to the reference. Note: The average EQE of the reference device is 48.23% 
Nanoparticle Radius (nm) Relative EQE Change (%) 
Meal Material Ag Au 
10 1.64 0.61 
20 2.28 2.73 
30 3.95 4.73 
40 4.81 6.03 
50 1.13 2.40 
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The EQE of the plasmonic devices was an optimum for the 40 nm radius silver and gold 
nanoparticles, where a relative increase of 4.18% and 6.03% respectively was observed 
compared to reference device. The average IQE of the reference device was 83.50% across 
300-720 nm wavelengths and Table 5.6 shows the relative change in the IQE for all the 
plasmonic devices. There is no significant change in the IQE of the plasmonic devices upon the 
incorporation of the metal nanoparticle in the device architecture. 
 
Figure 5.11 2D contour map of the normalized internal quantum efficiency of the plasmonic 
amorphous silicon photovoltaic devices across solar spectrum (300-720 nm) as a function of (a) 
Silver and (b) Gold nanoparticle radius  
Table 5.6 Relative change in the internal quantum efficiency of the plasmonic amorphous silicon 
devices compared to the reference. Note: The average IQE of the reference device is 83.50% 
Nanoparticle Radius (nm) Relative IQE Change (%) 
Metal Material Ag Au 
10 0.01 0.03 
20 0.00 0.02 
30 -0.03 0.00 
40 -0.03 0.08 
50 0.08 0.08 
 
The size optimisation of the electrically isolated plasmonic metal nanoparticles suggests that 40 
nm radius is the optimum dimensions for forward light scattering due to reduced surface 
reflections and enhanced spectral absorptions in the a-Si:H layer. The EQE analysis also 
supports the optical data, although there was no significant change in the IQE of the plasmonic 
devices.  
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 Pitch Optimisation 
The previous study (Section 5.1.1) suggests that 40 nm radius silver and gold nanoparticles 
embedded in glass is the optimum size to enhance the power conversion efficiency of the 
plasmonic TF a-Si:H PV devices. In this section, pitch optimisation based on 40 nm radius silver 
and gold nanoparticles is carried out by varying the pitch (separation) distance and particle 
density of the nanoparticles embedded the in glass. Table 5.7 shows the particle density, which 
corresponds to the pitch distance and the area coverage of the metal nanoparticles. The 
nanoparticle density shown in the Table 5.7 is valid for both 2D and 3D analysis. 
Table 5.7 Particle density and equivalent pitch distance of the nanoparticles embedded in glass. 
Nanoparticle Density  
(cm-2) 
Pitch Distance  
(nm) 
Area Coverage  
(%) 
2D 3D Ag Au Ag Au 
1 x 108 1 x 108 1000.00 0.50 
2 x 108 4 x 108 500.00 2.01 
3 x 108 9 x 108 333.33 4.52 
4 x 108 16 x 108 250.00 8.04 
5 x 108 25 x 108 200.00 12.56 
6 x 108 36 x 108 166.66 18.09 
7 x 108 49 x 108 142.85 24.63 
8 x 108 64 x 108 125.00 32.16 
Table 5.8 compares the electrical and optical performance parameters of the TF a-Si:H PV 
reference and plasmonic devices with 40 nm radius silver and gold nanoparticles of different 
particle densities embedded in the glass. The 𝑱𝒔𝒄 of the plasmonic devices changes with the 
particle density and metal material, however there are no significant changes in the 𝑽𝒐𝒄 and 𝑭𝑭 
of the plasmonic devices. The optimum particle density for the 40 nm radius silver and gold 
nanoparticles is 3 x108 and 5 x 108 cm-2 respectively, which corresponds to a separation 
distance of ~330 nm and 200 nm. The 𝑱𝒔𝒄 of the optimum silver and gold nanoparticle based 
devices is increases by 9.41% and 10.18% compared to the reference device, which 
corresponds to an 10.45% and 12.27% increase in efficiency. Figure 5.12 shows the J-V and 
EQE plots of the optimum particle densities of the plasmonic devices. The recombination rate of 
all the reference and plasmonic devices was constant at 5.52 x 1012 cm-3 s-1.  
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Table 5.8 Simulated electrical and optical performance parameters of reference and plasmonic 
amorphous silicon photovoltaic devices with 40 nm radius silver and gold nanoparticles of 
different particle density embedded in glass. 
Nanoparticle 
Material 
Nanoparticle 
Density 
(cm-2) 
Voc  
 
(V) 
Jsc 
 
(mA cm-2) 
FF  
 
(%) 
η  
 
(%) 
Photogeneration 
Rate 
(cm-3 s-1) 
Reference - 0.85 9.10 77.83 6.03 7.79 x 1021 
Ag 1 x 108 0.85 9.53 77.88 6.34 8.16 x 1021 
 2 x 108 0.85 9.83 77.91 6.54 8.41 x 1021 
 3 x 108 0.85 10.00 77.95 6.66 8.56 x 1021 
 4 x 108 0.85 9.84 77.97 6.55 8.43 x 1021 
 5 x 108 0.85 9.85 78.13 6.57 8.43 x 1021 
 6 x 108 0.85 9.84 78.23 6.57 8.42 x 1021 
 7 x 108 0.85 9.74 78.43 6.52 8.34 x 1021 
 8 x 108 0.85 9.73 78.57 6.50 8.33 x 1021 
Au 1 x 108 0.85 9.55 77.97 6.35 8.17 x 1021 
 2 x 108 0.85 9.92 78.07 6.62 8.50 x 1021 
 3 x 108 0.85 9.95 78.37 6.66 8.51 x 1021 
 4 x 108 0.85 10.06 78.39 6.75 8.61 x 1021 
 5 x 108 0.85 10.07 78.63 6.77 8.62 x 1021 
 6 x 108 0.85 9.97 78.80 6.72 8.54 x 1021 
 7 x 108 0.85 9.89 79.03 6.68 8.47 x 1021 
 8 x 108 0.85 9.82 79.18 6.64 8.41 x 1021 
       
 
Figure 5.12 (a) Current density-voltage and (b) external quantum efficiency plots comparing 
reference and plasmonic photovoltaic devices with optimum densities of silver and gold 
nanoparticles embedded in glass. 
112 
 
Figure 5.13 (a-c) compares the reference and plasmonic TF a-Si:H PV devices structures with 
multiple 40 nm radius silver and gold nanoparticle embedded in glass. The separation distance 
between the nanoparticle is ~330 nm. Figure 5.13 (d-f) and (g-i) compares the steady state 
optical intensity and photogeneration rate in the a-Si:H layer respectively, obtained from FDTD 
analysis under AM1.5G solar spectrum. The change in the optical intensity and photogeneration 
rate, due to the multiple plasmonic nanoparticles, was sampled along the section lines (solid 
and dash) and plotted in Figure 5.14 as a function of the a-Si:H layer thickness.  
 
Figure 5.13 (a-c) Reference and plasmonic amorphous silicon photovoltaic device structures with 
the multiple 40 nm radius silver and gold nanoparticles embedded in glass. (d-f) Optical intensity 
profile in the device structure illuminated with the AM1.5G solar spectrum. (g-i) Photogeneration 
rates in the amorphous silicon calculated from the optical intensity profile. The scale bars in each 
case are 100 nm. The nanoparticle separation distance is ~330 nm. 
 
Figure 5.14(a) Optical intensity and (b) Photogeneration rate profiles in the amorphous silicon layer 
of the reference (black line) and plasmonic device structures (red line = silver, blue line = gold) as a 
function of the cross-section distance in the amorphous silicon layer, measured at the solid and 
dashed section lines in the optical intensity and photogeneration rate plots in Figure 5.13. 
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The solid and dashed lines in Figure 5.13 represent the optical intensity and photogeneration 
rate data below and beside the nanoparticle. The optical intensity profile of the reference device 
in Figure 5.14(a) shows two maxima at 75 nm and 175 nm cross-section distance in the a-Si:H 
layer. Introducing multiple 40 nm radius silver and gold nanoparticles enhances the optical 
intensity (solid lines Figure 5.13[d-f]) by 10.86% and 13.13% respectively, compared to the 
reference device, due to light scattering. However, the optical intensity below the nanoparticles 
(dashed lines Figure 5.13[d-f]) is decreased by 15.54% and 18.78% respectively due to 
shadowing effects. The photogeneration rate profile in Figure 5.14(b) shows an enhancement of 
41.38% and 50.26% for the multiple 40 nm silver and gold nanoparticles (solid lines Figure 
5.13[g-i]) in the scattering region, while a reduction of 12.41% and 24.71% in photogeneration 
rate was seen in the shadowing region of the nanoparticle. The total integrated photogeneration 
rate (Table 5.8) of the plasmonic devices shows a significant enhancement upon the 
incorporation of the multiple nanoparticles in glass.  
Appendix B2 compares the device structures, device mesh, optical intensity and 
photogeneration rates of the reference with plasmonic device with multiple 40 nm silver and 
gold nanoparticles. The optical intensity profiles in the plasmonic devices shows that the light 
scattering increases upon the incorporation of multiple nanoparticles, where the peak optical 
intensity occurs for the particle pitch distance of ~330 nm for both the silver and gold 
nanoparticles. As the particle density increases, a shadowing effect occurs in the optical 
intensity after particle pitch distance of ~200 and results in more light being reflected. Despite 
the shadowing for higher density particle, light enters the device structure between the 
nanoparticles and is absorbed in the a-Si:H layer. The photogeneration rate profile mirrors the 
optical intensity and the total integrated photogeneration rate peaks at particle densities of 3 x 
108 cm-2 and 5 x 108 cm-2 for silver and gold nanoparticles respectively.  
The optical effects were investigated by examining the spectral analysis of the plasmonic 
devices with multiple nanoparticles by analysing the surface reflections from the device and the 
absorption in the a-Si:H layer. Figure 5.15 shows a 2D contour plot of the surface reflection for 
the reference and plasmonic devices. The average surface reflection of the reference device 
was 38.53% across 300-720 nm wavelengths and Table 5.9 shows the relative decrease in the 
surface reflection for all densities of metal nanoparticle plasmonic devices. Figure 5.16 shows 
the relative change in the surface reflection from the glass layer compared to reference device.  
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Figure 5.15 2D contour map of the surface reflections from the glass layer of the plasmonic 
amorphous silicon photovoltaic device structure across the solar spectrum (300-720 nm) as a 
function of (a) silver and (b) gold nanoparticle density. Note: The surface reflection from the 
reference device is represented as zero metal nanoparticle radius 
Table 5.9 Relative decrease in the surface reflection from the glass layer of the plasmonic 
amorphous silicon photovoltaic device compared to the reference device. Note the average surface 
reflection of the reference device is 38.53% across wavelengths from 300-720 nm. 
Nanoparticle Density (cm2) Relative Surface Reflection (%) 
Metal Material Ag Au 
1 x 108 -7.67 -9.22 
2 x 108 -12.78 -16.30 
3 x 108 -19.95 -27.36 
4 x 108 -22.92 -32.12 
5 x 108 -25.30 -34.73 
6 x 108 -24.29 -34.52 
7 x 108 -24.50 -34.05 
8 x 108 -22.94 -30.95 
 
Figure 5.16 2D contour map of the normalized surface reflections from the glass layer of the 
plasmonic amorphous silicon photovoltaic device structure across the solar spectrum (300-720 
nm) as a function of (a) silver and (b) gold nanoparticle density. 
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The surface reflection was optimum for 5 x 108 cm-2 of 40 nm radius silver and gold 
nanoparticles, where a relative decrease of 25.30% and 34.73% respectively was observed 
compared to the reference device. Figure 5.17 shows a 2D contour plot of the spectral 
absorption in the a-Si:H layer of the reference and plasmonic devices. The average absorption 
in the a-Si:H layer of the reference device was 48.86 % across the 300-720 nm wavelengths 
range and Table 5.10 shows the relative increase for the plasmonic devices for all metal 
nanoparticle densities. Figure 5.18 shows the relative change in the spectral absorption in the a-
Si:H layer of the plasmonic devices.  
Figure 5.17 2D contour map of the spectral absorption in the amorphous silicon layer of the 
plasmonic photovoltaic device structure across the solar spectrum (300-720 nm) as a function of 
(a) Silver and (b) Gold nanoparticle density. Note: The spectral absorption in the reference device 
is represented as zero metal nanoparticle radius. 
Table 5.10 Relative increase in the absorption of the amorphous silicon layer of the plasmonic 
photovoltaic devices compared to the reference device. Note the average absorption in the 
amorphous silicon layer for the reference device is 48.86% across 300-720 nm wavelengths. 
Nanoparticle Density (cm-2) Relative Absorption (%) 
Metal Material Ag Au 
1 x 108 4.92 6.14 
2 x 108 7.79 10.58 
3 x 108 11.78 17.66 
4 x 108 13.05 20.35 
5 x 108 13.95 21.43 
6 x 108 12.58 20.75 
7 x 108 12.26 19.88 
8 x 108 10.95 17.33 
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Figure 5.18 2D contour map of the normalized spectral absorption in the amorphous silicon layer of 
the plasmonic photovoltaic device structure across the solar spectrum (300-720 nm) as a function 
of (a) Silver and (b) Gold nanoparticle density. 
The spectral absorption was optimum for 5 x 108 cm-2 40 nm radius silver and gold 
nanoparticles, where a relative increase of 13.95% and 20.35% respectively was observed 
compared to reference device.  
The optical data was further analysed and plotted in Figure 5.9 to calculate the average surface 
reflection and spectral absorption for the reference and plasmonic devices of all nanoparticle 
densities. 
 
Figure 5.19 Averaged (a) surface reflection from the glass and (b) spectral absorption in the 
amorphous silicon layer of the plasmonic photovoltaic devices as a function of silver and gold 
nanoparticle density across 300-720 nm wavelengths. 
The parasitic absorption in the silver and gold nanoparticles also occurs in the plasmonic 
devices. Table 5.11 shows the averaged parasitic absorption losses in the silver and gold 
nanoparticles in the plasmonic device architecture. The average parasitic absorption in the 
reference device is 12.61%, due to absorption in the ITO and aluminium, and upon the 
integration of the metal nanoparticles the losses increase with the nanoparticle density. 
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Table 5.11 Parasitic absorption losses in the silver and gold nanoparticles of the plasmonic 
devices compared to the reference device. Note the average parasitic absorption in the reference 
device is 12.61% across 300-720 nm wavelengths. 
Nanoparticle Density (cm-2) Relative Absorption (%) 
Metal Material Ag Au 
1 x 108 1.63 1.30 
2 x 108 3.85 3.07 
3 x 108 7.13 5.46 
4 x 108 13.36 11.29 
5 x 108 11.88 9.76 
6 x 108 13.74 11.30 
7 x 108 15.08 12.80 
8 x 108 15.65 13.79 
 
The external (Figure 5.20) and internal (Figure 5.21) quantum efficiencies were also examined 
by analysing the relative change in EQE and IQE of all the plasmonic devices compared to the 
reference device. The average EQE of the reference device was 48.23% across 300-720 nm 
wavelengths and Table 5.12 shows the relative change in the EQE for the plasmonic devices for 
the nanoparticle densities. The EQE for the plasmonic devices is optimum for 5 x 108 cm-2 40 
nm radius silver and gold nanoparticle, where a relative increase of 12.25% and 18.90% 
respectively was observed compared to the reference device. 
 
Figure 5.20 2D contour plot of the normalized change in external quantum efficiency of the 
plasmonic amorphous silicon photovoltaic devices across the solar spectrum (300-720 nm) as a 
function of (a) Silver and (b) Gold nanoparticle density. 
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Figure 5.21 2D contour map of the normalized internal quantum efficiency of the plasmonic 
amorphous silicon photovoltaic devices across the solar spectrum (300-720 nm) as a function of 
(a) Silver and (b) Gold nanoparticle density 
The average IQE of the reference device was 83.50% across the 300-720 nm wavelengths and 
Table 5.12 shows the relative change in the IQE for all the plasmonic devices. There is no 
significant change in the IQE of the plasmonic devices upon the incorporation of the metal 
nanoparticles in the device architecture, although there is a modest increase in the IQE for the 
plasmonic devices with 5 x 108 cm-2 particle density.  
Table 5.12 Relative change in the external and internal quantum efficiency of the plasmonic 
amorphous silicon devices compared to reference device. Note: The average EQE and IQE of the 
reference devices is 48.23% and 83.50 % respectively. 
Nanoparticle Density (nm) Relative EQE Change (%) Relative IQE Change 
Metal Material Ag Au Ag Au 
1 x 108 4.81 6.03 -0.03 0.08 
2 x 108 7.21 10.04 0.08 0.11 
3 x 108 10.53 15.70 0.06 0.10 
4 x 108 11.41 17.92 0.00 0.12 
5 x 108 12.25 18.90 0.30 0.20 
6 x 108 10.81 18.21 0.11 0.00 
7 x 108 10.98 17.76 0.12 0.00 
8 x 108 10.13 16.22 0.07 0.04 
 
Figure 5.16 (a) compares the current density and the power conversion efficiency of the 
plasmonic devices of all particle densities for 40 nm radius silver and gold nanoparticles. 
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Figure 5.22 (a) Current density and (b) power conversion efficiency plots comparing the reference 
and plasmonic devices with increasing particle densities of 40 nm radius silver and gold 
nanoparticles embedded in glass.  
Finally, to summarise the pitch optimisation study, current density and power conversion 
efficiency analysis of multiple silver and gold nanoparticle devices was carried out. The results 
suggest the optimum separation distance between the nanoparticles is 200-330 nm for 40 nm 
radii nanoparticles embedded in glass, which results in a minimum 10 % relative increase in the 
power conversion efficiency.  
5.2 Optimisation of Electrically Connected Plasmonic Metal 
Nanoparticles 
In this section the optimisation of the plasmonic devices where the metal nanoparticles are 
electrically active in the a-Si:H layer is undertaken. The plasmonic devices are sub-divided into 
two sections depending on their position in the a-Si:H layer; i.e. at the a-Si:H/ITO (Front) and 
the a-Si:H/Al (Back) interfaces in the device architecture.  
5.2.1 Optimisation of Plasmonic Metal Nanoparticles Positioned at the Front Electrode 
Figure 5.23 shows a schematic diagram of plasmonic light trapping using metal nanoparticles 
embedded in the a-Si:H layer adjacent to the ITO front interface. The metal nanoparticles 
scatter light into the device structure which is trapped within the a-Si:H layer through multiple 
light reflections at various angles. The metal nanoparticles in the a-S:H resonate under 
illumination and as a result the optical field surrounding the nanoparticle is enhanced 
(represented in Figure 5.23 as the white glow around the nanoparticles). An analysis of the size 
and pitch optimisation of the metal nanoparticles is carried out in section 5.2.1.1 and 5.2.1.2 
respectively, with a view to optimise the plasmonic effects.  
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Figure 5.23 Light forward scattering from metal nanoparticles embedded in the amorphous silicon 
layer of a thin film photovoltaic device at the indium tin oxide interface. The white dashed lines 
represent the position of the electrical junctions. The glow around the metal nanoparticle 
represents the enhanced optical fields. Note: The dimensions of the material used are not to scale.  
5.2.1.1 Size Optimisation 
Table 5.13 compares the electrical and optical performance parameters of the reference and 
plasmonic devices incorporating different radius silver and gold nanoparticles embedded in the 
a-Si:H layer adjacent to ITO electrode. The plasmonic devices incorporating 10 nm radius 
nanoparticles show an enhancement in performance compared to the reference device, while 
the remaining plasmonic devices show degradation in both the optical and electrical 
parameters. The 𝑱𝒔𝒄 of the plasmonic devices is enhanced by 2.86% and 0.66% for 10 nm 
radius silver and gold nanoparticles respectively. There is also a modest increase in the 𝑭𝑭 of 
the plasmonic devices of 1.03% and 1.16% for 10 nm silver and gold nanoparticles respectively. 
As a result, the power conversion efficiency is increased by 3.81% and 1.49% for the 10 nm 
radius silver and gold nanoparticle plasmonic devices respectively. The photogeneration rate of 
the 10 nm radius plasmonic device is also increased as the same rate as the 𝑱𝒔𝒄 and the 
recombination rate is decreased by 1.63% for both the metal nanoparticles. Figure 5.25 
compares the device structures and the steady state responses of the reference and 10 nm 
radius nanoparticle based plasmonic devices. 
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Table 5.13 Electrical and optical performance parameters of the n-i-p configured 200 nm thick amorphous silicon photovoltaic cell comparing reference and plasmonic 
devices with silver and gold nanoparticles of different radius embedded in the active layer adjacent to the front indium tin oxide electrode. Note: MNP is the abbreviation 
to metal nanoparticles. 
MNP  
Material 
MNP  
Radius  
(nm) 
Voc 
 
(V) 
Jsc 
 
(mA cm-2) 
FF 
 
(%) 
η 
 
(%) 
Photogeneration Rate 
(cm-3 s-1) 
Recombination Rate 
(cm-3 s-1) 
Reference - 0.85 9.10 77.83 6.03 7.79 x 1021 5.52 x 1012 
        
Silver 10 0.85 9.36 78.63 6.26 8.01 x 1021 5.43 x 1012 
 20 1.02 x 10-7 7.05 00.00 0.00 6.03 x 1021 1.12 x 1012 
 30 5.04 x 10-8 5.61 00.00 0.00 4.80 x 1021 7.79 x 1011 
 40 3.78 x 10-8 5.76 00.00 0.00 4.93 x 1021 7.20 x 1011 
 50 3.23 x 10-8 6.56 00.00 0.00 5.61 x 1021 7.05 x 1011 
        
Gold 10 0.85 9.16 78.73 6.12 7.84 x 1021 5.43 x 1012 
 20 1.10 x 10-7 7.59 00.00 0.00 6.49 x 1021 1.12 x 1012 
 30 6.06 x 10-8 6.75 00.00 0.00 5.77 x 1021 7.79 x 1011 
 40 4.56 x 10-8 6.95 00.00 0.00 5.95 x 1021 7.20 x 1011 
 50 3.57 x 10-8 7.24 00.00 0.00 6.20 x 1021 7.05 x 1011 
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Figure 5.24 (a) Current density-voltage curves comparing reference and plasmonic devices with 10 
nm silver and gold nanoparticles embedded in the active layer adjacent to the front indium tin 
oxide electrode. (b) Recombination rate of the plasmonic devices as a function of metal 
nanoparticle radius. Note MNP = metal nanoparticles. 
 
Figure 5.25 (a) Reference and (b,c) plasmonic amorphous silicon photovoltaic device structures 
with 200 nm thick active layers, incorporating 10 nm radius (b) silver and (c) gold nanoparticles 
embedded in the active layer adjacent to the front indium tin oxide electrode. (d-f) Optical intensity 
profile in the device structure illuminated by the AM1.5G solar spectrum. (g-i) Photogeneration rate 
in the active layer calculated from the optical intensity profile. (j-l) Electric field calculated from the 
optical intensity and built-in electric field in the active layer. (m-o) Recombination rate in the active 
layer of the photovoltaic device structures. The scale bar in each case is 100 nm. 
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The optical intensity [Figure 5.25(d-f)] shows enhanced localised optical fields, in the near field 
adjacent to the nanoparticles, and far field light scattering in the a-Si:H layer. There is also a 
noticeable shadowing effect underneath the nanoparticle. The photogeneration rate [Figure 
5.25(g-i)] similarly shows the localised enhancement in the nanoparticle near field and also far 
field scattering effects. On the other hand, the electric field [Figure 5.25(j-l)] shows an increase 
in the localised electric field in the proximity of the metal nanoparticle associated with the 
plasmonic effects, while the recombination rates in the plasmonic devices are decreased 
adjacent to the nanoparticle compared to the reference device. The effective changes in the 
photogeneration rate and recombination rate in the plasmonic devices are given in Table 5.13. 
The recombination rate [Table 5.13 (b)] of the 20-50 nm radius metal nanoparticles is an order 
of magnitude lower compared to the reference device. It is clear therefore that metal 
nanoparticles significantly alter the optical and electrical properties of the plasmon based 
devices. To understand the effects, the optical properties of the plasmonic devices are 
examined, and then further analysis of the electrical properties is undertaken by analysing the 
recombination rate. 
Appendix B3 compares the device structure, device mesh, optical intensity, photogeneration 
rate, electric field and recombination rate of the reference with plasmonic devices with 10-50 nm 
radius silver and gold nanoparticles embedded in the a-Si:H at the front ITO electrode. The near 
field optical intensity, photogeneration rate and electric field increases with the metal 
nanoparticle radius due to the plasmonic effects. The localised enhanced electric field (LEEF) 
around the nanoparticle, as discussed in Chapter 4 Section 3, extends field well into the a-Si:H 
layer. As a result, the LEFF dominates the built-in electric field of the plasmonic device 
structures. The LEEF effect increases as the nanoparticle radius increases and reduces the 
effective separation distance between the top and bottom electrode. As a result, an Ohmic 
channel is formed between the electrodes allowing charges to flow freely through the plasmonic 
PV device. As a result, the recombination rates are significantly reduced in the a-Si:H layer in 
the plasmonic devices.  
Figure 5.26 shows a 2D contour plot of the surface reflection of the reference and plasmonic 
devices. The average surface reflection of the reference device was 38.53% across 300-720 nm 
wavelengths and Table 5.14 shows the relative decrease in the surface reflection for all the 
metal nanoparticle plasmonic devices. Figure 5.27 shows the relative change in the surface 
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reflection from the glass layer which was also calculated by normalising the data to the 
reference device.  
 
Figure 5.26 2D contour map of the surface reflections from the glass layer of the plasmonic 
amorphous silicon photovoltaic device structure across the solar spectrum (300-720 nm) as a 
function of (a) silver and (b) gold nanoparticle radius. Note: The surface reflection from the 
reference device is represented as zero metal nanoparticle radius. 
Table 5.14 Relative decrease in the surface reflection from the glass layer of the plasmonic 
amorphous silicon photovoltaic device compared to the reference device. Note the average surface 
reflection of the reference device is 38.53% across wavelengths from 300-720 nm. 
Nanoparticle Radius (nm) Relative Surface Reflection (%) 
Metal Material Ag Au 
10 -7.50 -1.97 
20 -15.01 -6.15 
30 -20.03 -7.68 
40 -20.19 -8.72 
50 -18.18 -7.77 
 
Figure 5.27 2D contour map of the normalized surface reflections from the glass layer of the 
plasmonic amorphous silicon photovoltaic device structure across the solar spectrum (300-720 
nm) as a function of (a) silver and (b) gold nanoparticle radius. 
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The surface reflection was optimum for 40 nm radius silver and gold nanoparticles, where a 
relative decrease of 20.19% and 8.72% respectively was observed compared to the reference 
device. 
Figure 5.28 shows the 2D contour plot of the spectral absorption in the a-Si:H layer of the 
reference and plasmonic devices. The average absorption in the a-Si:H layer of the reference 
device was 48.86 % across 300-720 nm wavelengths and Table 5.15 shows the relative 
increase for the plasmonic devices for all metal nanoparticle radii. Figure 5.28 shows the 
relative change in the spectral absorption in the a-Si:H layer of the plasmonic devices. The 
spectral absorption in the plasmonic devices increases with the nanoparticle radius. There is a 
significant enhancement in the spectral absorption for the plasmonic devices with radii greater 
than 30 nm in the longer wavelength region of 650-720 nm. 
 
Figure 5.28 2D contour map of the spectral absorption in the amorphous silicon layer of the 
plasmonic photovoltaic device structure across the solar spectrum (300-720 nm) as a function of 
(a) Silver and (b) Gold nanoparticle radius. Note: The spectral absorption in the reference device is 
represented as zero metal nanoparticle radius. 
Table 5.15 Relative increase in the absorption of the amorphous silicon layer of the plasmonic 
photovoltaic devices compared to the reference device. Note the average absorption in the 
amorphous silicon layer for the reference device is 48.86% across 300-720 nm wavelengths. 
Nanoparticle Radius (nm) Relative Spectral Absorption (%) 
Metal Material Ag Au 
10 7.01 1.61 
20 13.17 5.22 
30 17.79 7.12 
40 19.81 9.75 
50 21.00 12.24 
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Figure 5.29 2D contour map of the normalized spectral absorption in the amorphous silicon layer of 
the plasmonic photovoltaic device structure across the solar spectrum (300-720 nm) as a function 
of (a) Silver and (b) Gold nanoparticle radius. 
The electrical properties of the plasmonic devices (Table 5.13) suggest that the recombination 
rate of the plasmonic devices with metal nanoparticles greater than 10 nm radius is significantly 
reduced due to the LEEF effects. Hence these plasmonic devices transform from diode like 
characteristics to resistors. This effect was also observed in literature for resistive memory 
devices [1]. Figure 5.30 (a) shows the dark J-V characteristics of the plasmonic devices with 
gold nanoparticles of increasing radius embedded in the a-Si:H layer adjacent to the front ITO 
interface. In this case, the position of the metal nanoparticles is close to the n+/p junction 
interface. For the gold nanoparticles, the transition from diode to resistor occurs for the 11.25 
nm radius nanoparticle. The transition condition is affected by the position (depth) of the n+/p 
junction interface and the thickness of the active layer. A similar effect Figure 5.30 (b) is also 
observed for the silver nanoparticles based plasmonic devices.  
 
Figure 5.30 Dark current density-voltage characteristics of plasmonic devices with increasing 
radius (a) gold and (b) Silver nanoparticles embedded in the amorphous silicon layer adjacent to 
the front ITO electrode. The metal nanoparticle is located near the n+/p junction interface. The solid 
and dashed line represents the log and linear scale respectively and is shown by an arrow. 
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The built-in electric field across the junction interface plays a very important role in determining 
the diode like characteristics of the PV devices. Positioning metal nanoparticles in the vicinity of 
the built-in electric field causes significant changes and extends well in to the a-Si:H layer 
(Figure 5.31). This has profound effect on the space charge operation of the device. As a result, 
during operation the charge carriers in the a-Si:H layer flow through the pathway produced by 
the enhanced electric field. Figure 5.32 shows the resultant effect on the recombination rate of 
the charge carriers in the a-Si:H layer. The recombination is minimised in the high electric field 
region of the a-Si:H layer as the charge carriers are extracted to the electrodes via the least 
resistive pathway.  
 
Figure 5.31 Electric field (V cm-1) changes in the amorphous silicon due to the incorporation of 
increasing radius gold nanoparticle at the n+/p junction interface. The scale bar is 100 nm. 
 
Figure 5.32 Recombination Rate (cm-3 s-1) changes in the amorphous silicon layer due to the 
incorporation of the increasing radius gold nanoparticle at the n+/p junction interface. The scale 
bar is 100 nm. 
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The interface between the nanoparticle and the a-Si:H layer is treated as a metal/semiconductor 
interface and was simulated as an ideal interface with no surface states. 
Table 5.16 shows the averaged parasitic absorption losses in the silver and gold nanoparticles 
in the device architecture. The average parasitic absorption in the reference device is 12.61%, 
due to absorption in the ITO and aluminium, and upon the integration of the metal nanoparticles 
the losses increase with the nanoparticle radius. 
Table 5.16 Parasitic absorption losses in the silver and gold nanoparticles of the plasmonic 
devices compared to reference device. Note the average parasitic absorption in the reference 
device is 12.61% across 300-720 nm wavelengths. 
Nanoparticle Radius (nm) Parasitic Absorption Losses (%) 
Metal Material Ag Au 
10 4.74 0.56 
20 7.02 2.36 
30 9.96 4.68 
40 15.45 10.09 
50 23.02 19.22 
 
Figure 5.33 (a) compares the EQE of the reference, gold and silver nanoparticle plasmonic 
devices. The average EQE of the reference device is 48.23%, where the silver nanoparticle 
based plasmonic device shows a 7.15% EQE enhancement for the 600-700 nm wavelength 
range as a result of the optical effects discusses previously. The gold nanoparticle device 
however shows a very modest 1.66% EQE increase compared to the reference. Figure 5.33(b) 
compares the IQE of the reference and plasmonic devices. The average IQE of the reference 
device is 83.50%, and a decrease of 4.01% and 2.68% respectively for the 10 nm radius silver 
and gold based plasmonic devices. This loss can be attributed to photogenerated charge 
quenching and Joule heating effects in the near field of the nanoparticle, which is described 
previously in Section 2.4.3.  
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Figure 5.33 (a) External (b) Internal quantum efficiency of the reference and plasmonic devices with 
10 nm radius silver and gold nanoparticles embedded in the amorphous silicon adjacent to the 
front indium tin oxide electrode. Note MNP = metal nanoparticles.  
Even though the optical properties show enhancement in the spectral absorption in the 
plasmonic devices for nanoparticle radii greater than 20 nm, the electrical properties of these 
plasmonic devices are significantly degraded. Consequently, the plasmonic devices 
incorporating 10 nm radius metal nanoparticles are selected to further optimise the separation 
distance to produce the maximum performance enhancement.  
5.2.1.2 Pitch Optimisation 
Table 5.17 shows the pitch optimisation parameter by varying the particle density in both 2D 
and 3D which corresponds to pitch distance and the area coverage of the metal nanoparticles  
Table 5.17 Particle density and equivalent pitch distance of the nanoparticles embedded in 
amorphous silicon adjacent to the front electrode. 
Nanoparticle Density (cm-2) Pitch Distance (nm) Area Coverage (%) 
2D 3D Ag Au Ag Au 
1 x 108 1 x 108 1000.00 0.03 
2 x 108 4 x 108 500.00 0.13 
3 x 108 9 x 108 333.33 0.28 
4 x 108 16 x 108 250.00 0.50 
5 x 108 25 x 108 200.00 0.79 
6 x 108 36 x 108 166.66 1.13 
7 x 108 49 x 108 142.85 1.54 
8 x 108 64 x 108 125.00 2.01 
9 x 108 81 x 108 111.11 2.54 
15 x 108 225 x 108 66.66 7.07 
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Table 5.18 shows the electrical and optical performance parameters of the reference and plasmonic devices incorporating different density of silver and gold 
nanoparticles embedded in the a-Si:H layer adjacent to ITO electrode.  
Table 5.18 Electrical and optical performance parameters of the n-i-p configured 200 nm thick amorphous silicon photovoltaic cell comparing reference and plasmonic 
devices with silver and gold nanoparticles of different  particle density of 10 nm radius metal nanoparticle embedded in the active layer adjacent to the front indium tin 
oxide electrode. Note: MNP = metal nanoparticles. 
MNP 
Material 
MNP 
Density 
(cm-2) 
Voc 
 
(V) 
Jsc 
 
(mA cm-2) 
FF 
 
(%) 
η 
 
(%) 
Photogeneration Rate 
(cm-3 s-1) 
Recombination Rate 
(cm-3 s-1) 
Reference - 0.85 9.10 77.83 6.03 7.79 x 1021 5.52 x 1012 
Silver 1 x 108 0.85 9.36 78.63 6.26 8.01 x 1021 5.43 x 1012 
 2 x 108 0.85 9.29 78.60 6.19 7.95 x 1021 5.39 x 1012 
 3 x 108 0.85 9.35 77.23 6.13 8.01 x 1021 5.38 x 1012 
 4 x 108 0.85 9.26 78.33 6.14 7.92 x 1021 5.30 x 1012 
 5 x 108 0.85 9.38 77.89 6.18 8.02 x 1021 5.30 x 1012 
 6 x 108 0.85 9.31 76.43 6.01 7.96 x 1021 5.25 x 1012 
 7 x 108 0.84 9.38 77.24 6.12 8.02 x 1021 5.23 x 1012 
 8 x 108 0.84 9.39 77.15 6.10 8.03 x 1021 5.11 x 1012 
 9 x 108 0.84 9.41 76.55 6.07 8.05 x 1021 5.15 x 1012 
 15 x 108 0.84 9.18 75.97 5.85 7.86 x 1021 4.93 x 1012 
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Table 5.18 continuous from the previous page 
        
Gold 1 x 108 0.85 9.16 78.73 6.12 7.84 x 1021 5.43 x 1012 
 2 x 108 0.85 9.14 78.85 6.11 7.83 x 1021 5.39 x 1012 
 3 x 108 0.85 9.25 78.30 6.14 7.91 x 1021 5.38 x 1012 
 4 x 108 0.85 9.10 79.06 6.09 7.79 x 1021 5.30 x 1012 
 5 x 108 0.85 9.26 78.68 6.17 7.93 x 1021 5.30 x 1012 
 6 x 108 0.85 9.15 78.68 6.09 7.83 x 1021 5.25 x 1012 
 7 x 108 0.85 9.37 78.65 6.23 8.02 x 1021 5.23 x 1012 
 8 x 108 0.84 9.21 79.16 6.15 7.88 x 1021 5.11 x 1012 
 9 x 108 0.84 9.42 78.82 6.27 8.06 x 1021 5.15 x 1012 
 15 x 108 0.84 9.22 79.14 6.13 7.89 x 1021 4.93 x 1012 
 
 
132 
 
Figure 5.34 (a) shows that 𝑽𝒐𝒄 of plasmonic devices decreases linearly with the increase in the 
metal nanoparticle density due to the increase in the dark leakage current. Figure 5.34 (b) 
shows that scatter points of the 𝑱𝒔𝒄 of the plasmonic devices, which peaks at the particle density 
of 5 x 108 and 9 x 108 cm-2 respectively for silver and gold nanoparticle density. Figure 5.34 (c) 
shows that the 𝑭𝑭 of the plasmonic devices changes compared to the reference, where silver 
MNPs shows the decreasing trend line and gold MNPs shows increase in the trend line with the 
increase in the particle density. The changes in the 𝑭𝑭 is due to the modifications in the surface 
recombination at the MNP/a-Si:H interface. As a result of the change in the electrical property of 
the plasmonic devices and despite of the increased 𝑱𝒔𝒄, the power conversion efficiency [Figure 
5.34(d)] is compromised, where silver MNPs based plasmonic devices shows decreasing trend 
and gold MNPs based devices efficiency peaks for the 9 x 108 cm-2 particle density. Figure 5.35 
shows the recombination rates decreases linearly with the increase in the both silver and gold 
nanoparticle density. Figure 5.36 compares the steady state responses of the reference with the 
plasmonic devices with the 5 x 108 cm-2 particle density to understand the plasmonic effects 
from the multiple nanoparticles embedded in the a-Si:H  adjacent to the front ITO electrode. 
 
Figure 5.34 (a) Open circuit voltage, (b) Current density, (c) Fill Factor and (d) Power conversion 
efficiency rends lines comparing reference and plasmonic devices with increasing density of 10 
nm silver and gold nanoparticles embedded in the active layer adjacent to the front indium tin 
oxide electrode. The solid lines acts as a guide for the eye Note: MNP = metal nanoparticles. 
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Figure 5.35 Recombination rate of the plasmonic devices as a function of metal nanoparticle 
density embedded in the active layer adjacent to the front indium tin oxide electrode. Note MNP = 
metal nanoparticles. 
 
Figure 5.36 (a) Reference and plasmonic amorphous silicon photovoltaic device structures with 
200 nm thick active layers, incorporating multiple 10 nm radius (b) silver and (c) gold nanoparticles 
embedded in the active layer adjacent to the front indium tin oxide electrode. (d-f) Optical intensity 
profile in the device structure illuminated by the AM1.5G solar spectrum. (g-i) Photogeneration rate 
in the active layer calculated from the optical intensity profile. (j-l) Electric field calculated from the 
optical intensity and built-in electric field in the active layer. (m-o) Recombination rate in the active 
layer of the photovoltaic device structures. The particle density of the plasmonic devices is 5 x 108 
cm-2. The scale bar in each case is 100 nm. 
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The optical intensity [Figure 5.36(d-f)] shows enhanced localised optical fields, in both near and 
far field of the nanoparticles in the form of light scattering and LSPR effects in the a-Si:H layer. 
There is also a noticeable shadowing effect underneath the nanoparticle due to wave guiding 
effects. The photogeneration rate [Figure 5.36 (g-i)] similarly shows the localised enhancement 
in the nanoparticle near field and also far field. On the other hand, the electric field [Figure 5.36 
(j-l)] shows an increase in the localised electric field in the proximity of the metal nanoparticle 
associated with the plasmonic effects, while the recombination rates [Figure 5.36(m-o)] in the 
plasmonic devices are decreased adjacent to the nanoparticle compared to the reference. The 
effective changes in the photogeneration rate and recombination rate in the plasmonic devices 
are given in Table 5.18. Hence, it is clear that metal nanoparticles significantly change the 
optical and electrical properties of the plasmon based devices.  
Appendix B4 compares the device structure, device mesh, optical intensity, photogeneration 
rate, electric field and recombination rate of the reference and plasmonic devices with 
increasing particle density of 10 nm radius silver and gold nanoparticles embedded in the a-Si:H 
at the front ITO electrode. The optical field intensity for the plasmonic devices changes from the 
periodic light scattering into random light scattering from the nanoparticles after the particle 
density of 7 x 108 cm-2 which corresponds to a separation distance of 142.85 nm. As a result the 
photogeneration rates associated with the plasmonic devices are also randomized for higher 
particle density. The electric field intensity increases with the metal nanoparticle density across 
the n+/p junction with the increase of the particle density. As a result, the recombination rates 
are also significantly reduced across the n+/p junction of the a-Si:H layer in the plasmonic 
devices. 
Figure 5.37 and Figure 5.38 shows a 2D contour plot of the surface reflection and spectral 
absorption in the a-Si:H layer of the reference and plasmonic devices respectively. Figure 5.39 
and Figure 5.40 shows the relative change in the surface reflection from the glass layer and 
spectral absorption in the a-Si:H layer which was also calculated by normalising the data to the 
reference device respectively. The surface reflection is significantly reduced between the 
bandwidth range of 500-600 nm wavelengths for both silver and gold nanoparticles density 
higher than 3 x 108 and 7 x 108 cm-2 and on the other side surface reflections are increased for 
longer wavelengths greater than 600 nm. The spectral absorption in the a-Si:H layer is 
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significantly increased between the bandwidth range of 550-625 nm for all density silver 
nanoparticle and only for gold density greater than 6 x 108 cm-2. 
 
 
Figure 5.37 2D contour map of the surface reflections from the glass layer of the plasmonic 
amorphous silicon photovoltaic device structure across the solar spectrum (300-720 nm) as a 
function of (a) silver and (b) gold nanoparticle density. Note: The surface reflection from the 
reference device is represented as zero metal nanoparticle density. 
 
 
 
Figure 5.38 2D contour map of the spectral absorption in the amorphous silicon layer of the 
plasmonic photovoltaic device structure across the solar spectrum (300-720 nm) as a function of 
(a) Silver and (b) Gold nanoparticle density. Note: The spectral absorption in the reference device 
is represented as zero metal nanoparticle density. 
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Figure 5.39 2D contour map of the normalized surface reflections from the glass layer of the 
plasmonic amorphous silicon photovoltaic device structure across the solar spectrum (300-720 
nm) as a function of (a) silver and (b) gold nanoparticle density 
 
 
 
Figure 5.40 2D contour map of the normalized spectral absorption in the amorphous silicon layer of 
the plasmonic photovoltaic device structure across the solar spectrum (300-720 nm) as a function 
of (a) Silver and (b) Gold nanoparticle density. 
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Table 5.19 shows the relative changes in the surface reflection from the glass layer and spectral 
absorption in the a-Si:H layer of the reference and plasmonic devices with 10 nm radii silver and 
gold nanoparticle with increasing particle density. Figure 5.41 shows that the average surface 
reflection reduces and spectral absorption increases linearly with the increase in the 
nanoparticle density.  
Table 5.19 Relative change in the surface reflections from the glass substrate and spectral 
absorption in the active layer of the plasmonic amorphous silicon photovoltaic device compared to 
the reference device. Note the average surface reflection and spectral absorption of the reference 
device is 38.53% and 48.86% across wavelengths from 300-720 nm respectively 
Nanoparticle Density (cm-2) Relative Surface Reflection (%) Relative Spectral Absorption (%) 
Metal Material Ag Au Ag Au 
1 x 108 -7.50 -1.97 7.01 1.61 
2 x 108 -10.16 -1.97 9.18 1.61 
3 x 108 -13.76 -7.32 11.43 5.29 
4 x 108 -14.19 -7.67 11.93 5.73 
5 x 108 -14.48 -7.65 13.36 6.93 
6 x 108 -17.48 -9.83 16.63 9.62 
7 x 108 -18.83 -12.50 15.25 9.34 
8 x 108 -19.99 -14.24 16.71 11.38 
9 x 108 -22.48 -16.69 19.04 13.49 
15 x 108 -23.36 -22.01 19.45 18.22 
  
 
Figure 5.41 Averaged (a) surface reflection from the glass and (b) spectral absorption in the 
amorphous silicon layer of the plasmonic photovoltaic devices as a function of silver and gold 
nanoparticle density across 300-720 nm wavelengths. 
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Although there is an extraordinary change in the optical data in the plasmonic devices, the 
resultant change in the EQE does not show equivalent enhancements. Figure 5.42 shows the 
relative changes in the EQE of the plasmonic devices where silver and gold nanoparticle based 
devices only show enhancements for a narrow bandwidth of 575-625 nm wavelengths. The 
EQE of the gold nanoparticles shows shadowing effect after the particle density of 9 x 108 cm-2. 
The IQE of the plasmonic devices shows degradation for the wavelengths higher 600 nm for 
both the silver and gold nanoparticle densities. 
 
Figure 5.42 2D contour plot of the normalized change in external quantum efficiency of the 
plasmonic amorphous silicon photovoltaic devices across the solar spectrum (300-720 nm) as a 
function of (a) Silver and (b) Gold nanoparticle density. 
 
Figure 5.43 2D contour map of the normalized internal quantum efficiency of the plasmonic 
amorphous silicon photovoltaic devices across the solar spectrum (300-720 nm) as a function of 
(a) Silver and (b) Gold nanoparticle density 
Finally, to summarise the pitch optimisation study, both optical and electrical properties of 
multiple silver and gold nanoparticle devices showed significant changes. The results suggest 
the optimum separation distance between the nanoparticles is 200-500 nm for 10 nm radii 
nanoparticles embedded in a-Si:H layer adjacent to the ITO electrode, which results in a 
maximum 4 % relative increase in the power conversion efficiency. 
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5.2.2 Optimisation of Plasmonic Metal Nanoparticles Positioned at the Back Electrode 
Figure 5.44 shows a schematic diagram of plasmonic light trapping using metal nanoparticles 
embedded in the a-Si:H layer adjacent to the Al back electrode. The metal nanoparticles back 
scatter light into the device structure which is trapped within the a-Si:H layer through multiple 
light reflections at various angles. The metal nanoparticles in the a-S:H resonate under 
illumination and as a result the optical field surrounding the nanoparticle is enhanced 
(represented in Figure 5.44 as the white glow around the nanoparticles). An analysis of the size 
and pitch optimisation of the metal nanoparticles is carried out in section 5.2.2.1 and 5.2.2.2 
respectively, with a view to optimise the plasmonic effects.  
 
Figure 5.44 Light back scattering from metal nanoparticles embedded in the amorphous silicon 
layer of a thin film photovoltaic device at the aluminium electrode. The white dashed lines 
represent the position of the electrical junctions. The glow around the metal nanoparticle 
represents the enhanced optical fields. Note: The dimensions of the materials used are not to 
scale. 
5.2.2.1 Size Optimisation 
Table 5.20 compares the electrical and optical performance parameters of the reference and 
plasmonic devices incorporating different radius silver and gold nanoparticles embedded in the 
a-Si:H layer adjacent to the Al electrode. There are no significant changes in the 𝑽𝒐𝒄 and the 𝑭𝑭 
of the plasmonic devices, although the 𝑱𝒔𝒄 changes with the metal nanoparticle radius. The 𝑱𝒔𝒄 
of the plasmonic devices peaks for 10 nm radius nanoparticles where an increase of 2.64% is 
seen for silver nanoparticles compared to the reference device, which corresponds to an 2.82% 
increase in efficiency. The 𝑱𝒔𝒄 of the gold nanoparticle based devices show no enhancement 
compared to the reference. The photogeneration rate also changes for the plasmonic devices 
and follows the same trend as 𝑱𝒔𝒄.The recombination rate of the plasmonic devices shows a 
decreasing trend as the nanoparticle radius increases. 
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Table 5.20 Electrical and optical performance parameters of the n-i-p configured 200 nm thick amorphous silicon photovoltaic cell comparing reference and plasmonic 
devices with silver and gold nanoparticles of different radius embedded in the active layer adjacent to the back aluminium electrode. Note: MNP = metal nanoparticles. 
MNP  
Material 
MNP  
Radius  
(nm) 
Voc 
 
(V) 
Jsc 
 
(mA cm-2) 
FF 
 
(%) 
η 
 
(%) 
Photogeneration  
Rate 
(cm-3 s-1) 
Recombination  
Rate 
(cm-3 s-1) 
Reference - 0.85 9.10 77.83 6.03 7.79 x 1021 5.52 x 1012 
        
Silver 10 0.85 9.34 77.83 6.20 8.00 x 1021 5.50 x 1012 
 20 0.85 8.99 77.05 5.89 7.69 x 1021 4.64 x 1012 
 30 0.85 9.12 77.24 6.00 7.80 x 1021 5.00 x 1012 
 40 0.85 9.02 77.07 5.92 7.72 x 1021 4.91 x 1012 
 50 v 8.89 76.73 5.80 7.61 x 1021 4.61 x 1012 
        
Gold 10 0.85 9.10 77.82 6.03 7.78 x 1021 5.50 x 1012 
 20 0.85 8.79 77.02 5.76 7.52 x 1021 4.64 x 1012 
 30 0.85 8.92 77.22 5.87 7.64 x 1021 5.00 x 1012 
 40 0.85 8.89 77.05 5.83 7.61 x 1021 4.91 x 1012 
 50 0.85 8.75 76.71 5.71 7.49 x 1021 4.61 x 1012 
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The output parameters in Table 5.20 are represented in Figure 5.45, where 𝑱𝒔𝒄 and 𝑭𝑭 show a 
decreasing trend with increasing nanoparticle radius. The recombination rate also closely 
follows the trend of the 𝑭𝑭. Hence the power conversion efficiency of the plasmonic devices 
also decreases with the increase in the metal nanoparticle radius. The plasmonic device with 20 
nm radius nanoparticles shows a drastic decrease in the electrical parameters, which is 
explained later, in the discussion of the steady state response. 
 
Figure 5.45 (a) Current density (b) Fill Factor (c) Recombination Rate and (d) Power conversion 
efficiency comparing reference and plasmonic devices with increasing silver and gold 
nanoparticles radius embedded in the active layer adjacent to the back aluminium electrode. Note: 
MNP = metal nanoparticles. 
Figure 5.46 compares the device structures and the steady state responses of the reference 
and 10 nm radius nanoparticle based plasmonic devices. The optical intensity [Figure 5.46 (d-f)] 
shows enhanced localised optical fields, in the near field adjacent to the nanoparticles, and also 
in the far field light due to scattering in the a-Si:H layer. Since light is back scattered from the 
metal nanoparticles, there is no shadowing effects, and the optical intensity is locally enhanced 
around the nanoparticle. The photogeneration rate [Figure 5.46 (g-i)] shows the localised 
enhancement in the nanoparticle near field. On the other hand, the electric field [Figure 5.25(j-l)] 
shows no increase in the localised electric field in the proximity of the metal, while the 
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recombination rates in the plasmonic devices are decreased adjacent to the nanoparticle 
compared to the reference device. 
 
Figure 5.46 (a) Reference and (b,c) plasmonic amorphous silicon photovoltaic device structures 
with 200 nm thick active layers, incorporating 10 nm radius (b) silver and (c) gold nanoparticles 
embedded in the active layer adjacent to the back aluminium electrode. (d-f) Optical intensity 
profile in the device structure illuminated by the AM1.5G solar spectrum. (g-i) Photogeneration rate 
in the active layer calculated from the optical intensity profile. (j-l) Electric field calculated from the 
optical intensity and built-in electric field in the active layer. (m-o) Recombination rate in the active 
layer of the photovoltaic device structures. The scale bar in each case is 100 nm. 
Appendix B5 compares the device structure, device mesh, optical intensity, photogeneration 
rate, electric field and recombination rate of the reference versus plasmonic devices with 10-50 
nm radius silver and gold nanoparticles embedded in the a-Si:H adjacent to the rear Al 
electrode. The near field optical intensity increases around the nanoparticle with the increase in 
the nanoparticle radius. However, there is a decrease in the far field optical intensity as the light 
is scattered out of the a-Si:H layer for metal nanoparticles greater than 30 nm radius. The 
photogeneration rate profile shows near field enhancement for all metal nanoparticle radii, 
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although for the 20 nm radius nanoparticles the far field photogeneration rate decreases and 
then peaks for the 30 nm radius nanoparticles, after which the rate drops off with the increase in 
the radius. The near field electric field intensity shows enhancement around the metal 
nanoparticle and as a result the built-in electric field at the p/p+ junction is significantly 
enhanced. This enhanced electric field does not degrade the electrical properties of the 
plasmonic PV devices. The recombination rate of the plasmonic devices decreases with the 
increase in the nanoparticle radius, although the 20 nm radius nanoparticle devices show a 
sudden increase in recombination at the p/p+ junction interface. This explains the trend in the 
electrical parameters for the 20 nm radius nanoparticles.  
Figure 5.47 shows a 2D contour plot of the surface reflection of the reference and plasmonic 
devices. The average surface reflection of the reference device was 38.53% across 300-720 nm 
wavelengths and Table 5.21 shows the relative change in the surface reflection for the 
plasmonic devices. Figure 5.48 shows the relative change in the surface reflection in the 
plasmonic devices normalised to the reference. The surface reflection from the plasmonic 
devices is reduced for 10-40 nm radius silver metal nanoparticles, for the bandwidth range of 
550-650 nm, but shows an increase for 50 nm silver nanoparticles and gold nanoparticles of all 
sizes. This suggests that the back scattering from nanoparticles with a radius larger than 30 nm 
is increased for wavelengths greater than 650 nm, which decreases the light absorbed in the a-
Si:H layer. The surface reflection was optimum for 10 nm radius silver nanoparticles, where a 
relative decrease of 3.57% was observed compared to the reference device. 
 
Figure 5.47 2D contour map of the surface reflections from the glass layer of the plasmonic 
amorphous silicon photovoltaic device structure across the solar spectrum (300-720 nm) as a 
function of (a) silver and (b) gold nanoparticle radius. Note: The surface reflection from the 
reference device is represented as zero metal nanoparticle radius. 
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Table 5.21 Relative change in the surface reflection from the glass layer of the plasmonic 
amorphous silicon photovoltaic device compared to the reference device. Note the average surface 
reflection of the reference device is 38.53% across wavelengths from 300-720 nm. 
Nanoparticle Radius (nm) Relative Surface Reflection (%) 
Metal Material Ag Au 
10 -3.57 0.21 
20 -3.21 0.29 
30 -3.18 0.27 
40 -0.55 2.80 
50 2.00 5.25 
 
 
Figure 5.48 2D contour map of the normalized surface reflections from the glass layer of the 
plasmonic amorphous silicon photovoltaic device structure across the solar spectrum (300-720 
nm) as a function of (a) silver and (b) gold nanoparticle radius. 
Figure 5.49 shows the 2D contour plot of the spectral absorption in the a-Si:H layer of the 
reference and plasmonic devices. The average absorption in the a-Si:H layer of the reference 
device was 48.86 % across 300-720 nm wavelengths and Table 5.15 shows the relative change 
in the spectral absorption for all metal nanoparticle radii plasmonic devices. Figure 5.50 shows 
the relative change in the spectral absorption in the a-Si:H layer of the plasmonic devices. The 
spectral absorption was optimum for 40 nm radius silver and gold nanoparticles, where a 
relative increase of 5.43% and 1.57% was observed compared to the reference device. There is 
a significant enhancement in the spectral absorption for the plasmonic devices for all radii silver 
nanoparticles for 575-625 nm wavelengths and for 40 nm radius gold nanoparticles. There is 
also an increase in the light absorption near the absorption band edge wavelength, at 720 nm, 
for 50 nm radius silver and gold nanoparticles.  
145 
 
 
Figure 5.49 2D contour map of the spectral absorption in the amorphous silicon layer of the 
plasmonic photovoltaic device structure across the solar spectrum (300-720 nm) as a function of 
(a) Silver and (b) Gold nanoparticle radius. Note: The spectral absorption in the reference device is 
represented as zero metal nanoparticle radius. 
Table 5.22 Relative change in the absorption of the amorphous silicon layer of the plasmonic 
photovoltaic devices compared to the reference device. Note the average absorption in the 
amorphous silicon layer for the reference device is 48.86% across 300-720 nm wavelengths. 
Nanoparticle Radius (nm) Relative Spectral Absorption (%) 
Metal Material Ag Au 
10 4.53 -0.03 
20 4.64 0.45 
30 5.22 1.13 
40 5.43 1.57 
50 5.11 1.49 
 
 
Figure 5.50 2D contour map of the normalized spectral absorption in the amorphous silicon layer of 
the plasmonic photovoltaic device structure across the solar spectrum (300-720 nm) as a function 
of (a) Silver and (b) Gold nanoparticle radius. 
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Table 5.23 shows the averaged parasitic absorption losses in the silver and gold nanoparticles 
in the device architecture. The average parasitic absorption in the reference device is 12.61%, 
due to absorption in the ITO and aluminium, and upon the integration of the metal nanoparticles 
the losses increase with the nanoparticle radius. Figure 5.51 shows the averaged surface 
reflection from the glass and spectral absorption in the a-Si:H layer of the plasmonic devices for 
different radii metal nanoparticles. 
Table 5.23 Parasitic absorption losses in the silver and gold nanoparticles of the plasmonic 
devices compared to the reference device. Note the average parasitic absorption in the reference 
device is 12.61% across 300-720 nm wavelengths. 
Nanoparticle Radius (nm) Parasitic Absorption Losses (%) 
Metal Material Ag Au 
10 5.68 0.35 
20 6.75 1.88 
30 8.46 3.80 
40 14.49 10.27 
50 18.78 15.06 
 
 
Figure 5.51 Average (a) surface reflection from the glass and (b) spectral absorption in the 
amorphous silicon layer of the plasmonic photovoltaic devices as a function of silver and gold 
nanoparticle radius across 300-720 nm wavelengths. 
The quantum efficiency of the plasmonic devices are analysed by normalising the EQE and IQE 
with the reference device. The normalised EQE of the plasmonic devices (Figure 5.1) shows 
similar enhancement when compared to the spectral absorption analysis of the a-Si:H layer. 
The normalised IQE of the plasmonic devices (Figure 5.53) shows significant decrease for 
nanoparticles greater than 20 nm radius for wavelengths greater than 550 nm. The relative 
change in the both EQE and IQE compared to reference device is shown in Table 5.24.  
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Figure 5.52 2D contour plot of the normalized change in external quantum efficiency of the 
plasmonic amorphous silicon photovoltaic devices across the solar spectrum (300-720 nm) as a 
function of (a) Silver and (b) Gold nanoparticle radius. 
Table 5.24 Relative change in the external and internal quantum efficiency of the plasmonic 
amorphous silicon devices compared to reference device. Note: The average EQE and IQE of the 
reference devices is 48.23% and 83.50 % respectively. 
Nanoparticle Radius (nm) Relative EQE Change (%) Relative IQE Change 
Metal Material Ag Au Ag Au 
10 4.57 -0.03 -0.53 -0.52 
20 4.68 0.45 -4.46 -4.42 
30 5.21 1.13 -3.37 -3.29 
40 5.41 1.58 -3.89 -3.77 
50 5.11 1.49 -4.64 -4.52 
 
Figure 5.53 2D contour map of the normalized internal quantum efficiency of the plasmonic 
amorphous silicon photovoltaic devices across solar spectrum (300-720 nm) as a function of (a) 
Silver and (b) Gold nanoparticle radius 
Hence, this optimisation study suggests that 10 nm radius metal nanoparticles are the optimum 
size for back scattering effects, as a result of improved optical and electrical properties, and will 
be used to carry out the pitch optimisation study to fully optimise the plasmonic effects. 
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5.2.2.2 Pitch Optimisation 
Table 5.25 shows the pitch optimisation parameter, achieved by varying the particle density, 
which corresponds to pitch distance and the area coverage of the 10 nm radius metal 
nanoparticles embedded in the a-Si:H layer adjacent to the back rear aluminium electrode. 
Table 5.25 Particle density and equivalent pitch distance of the nanoparticles embedded in 
amorphous silicon adjacent to the back electrode. 
Nanoparticle Density (cm-2) Pitch Distance (nm) Area Coverage (%) 
2D 3D Ag Au Ag Au 
1 x 108 1 x 108 1000.00 0.03 
2 x 108 4 x 108 500.00 0.13 
3 x 108 9 x 108 333.33 0.28 
4 x 108 16 x 108 250.00 0.50 
5 x 108 25 x 108 200.00 0.79 
6 x 108 36 x 108 166.66 1.13 
7 x 108 49 x 108 142.85 1.54 
8 x 108 64 x 108 125.00 2.01 
9 x 108 81 x 108 111.11 2.54 
15 x 108 225 x 108 66.66 7.07 
  
Table 5.26 shows the electrical and optical performance parameters of the reference and 
plasmonic devices incorporating different densities of silver and gold nanoparticles embedded in 
the a-Si:H layer adjacent to the back aluminium electrode. The analysis of the electrical and 
optical performance parameters is shown in Figure 5.54. 
 
149 
 
Table 5.26 Electrical and optical performance parameters of the n-i-p configured 200 nm thick amorphous silicon photovoltaic cell comparing reference and plasmonic 
devices with silver and gold nanoparticles of different  particle densities of 10 nm radius metal nanoparticle embedded in the active layer adjacent to the back aluminium 
electrode. Note: MNP = metal nanoparticles. 
MNP 
Material 
MNP 
Density 
(cm-2) 
Voc 
 
(V) 
Jsc 
 
(mA cm-2) 
FF 
 
(%) 
η 
 
(%) 
Photogeneration Rate 
 
(cm-3 s-1) 
Recombination Rate 
 
(cm-3 s-1) 
        
Reference - 0.85 9.10 77.83 6.03 7.79 x 1021 5.52 x 1021 
        
Silver 1 x 108 0.85 9.34 77.83 6.20 8.00 x 1021 5.48 x 1021 
 2 x 108 0.85 9.34 77.82 6.20 7.99 x 1021 5.46 x 1021 
 3 x 108 0.85 9.37 77.82 6.22 8.02 x 1021 5.44 x 1021 
 4 x 108 0.85 9.23 77.78 6.12 7.90 x 1021 5.41 x 1021 
 5 x 108 0.85 9.29 77.77 6.16 7.95 x 1021 5.39 x 1021 
 6 x 108 0.85 9.23 77.77 6.12 7.90 x 1021 5.37 x 1021 
 7 x 108 0.85 9.25 77.75 6.13 7.91 x 1021 5.35 x 1021 
 8 x 108 0.85 9.13 77.74 6.05 7.81 x 1021 5.33 x 1021 
 9 x 108 0.85 9.17 77.73 6.07 7.84 x 1021 5.31 x 1021 
 15 x 108 0.85 9.02 77.66 5.96 7.72 x 1021 5.20 x 1021 
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Table 5.26 continuous from the previous page 
 
        
Gold 1 x 108 0.85 9.10 77.82 6.03 7.78 x 1021 5.50 x 1021 
 2 x 108 0.85 9.06 77.80 6.00 7.75 x 1021 5.46 x 1021 
 3 x 108 0.85 9.14 77.80 6.06 7.82 x 1021 5.44 x 1021 
 4 x 108 0.85 9.03 77.76 5.98 7.72 x 1021 5.41 x 1021 
 5 x 108 0.85 9.05 77.75 5.99 7.75 x 1021 5.39 x 1021 
 6 x 108 0.85 9.05 77.75 5.99 7.74 x 1021 5.37 x 1021 
 7 x 108 0.85 9.09 77.73 6.02 7.78 x 1021 5.35 x 1021 
 8 x 108 0.85 8.97 77.72 5.93 7.67 x 1021 5.33 x 1021 
 9 x 108 0.85 9.06 77.72 6.00 7.75 x 1021 5.31 x 1021 
 15 x 108 0.85 8.97 77.65 5.93 7.68 x 1021 5.20 x 1021 
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Figure 5.54 (a) shows that the 𝑽𝒐𝒄 of the plasmonic devices decreases linearly with the increase 
in the metal nanoparticle density due to an increase in the dark leakage current. Figure 5.54 (b) 
shows the 𝑱𝒔𝒄 peaks for 3 x 108 cm-2 particle density and reveals a decreasing trend with the 
increase in both silver and gold nanoparticle density due to strongly backscattered light. Figure 
5.54 (c) shows that the 𝑭𝑭 of the plasmonic devices also decreases linearly compared to the 
reference due to changes in the surface recombination at the a-Si:H/MNP interface. The power 
conversion efficiency [Figure 5.54(d)] of all the plasmonic devices also peaks for a particle 
density of 3 x 108 cm-2  and then shows a decreasing trend with the increase in the nanoparticle 
density. There is a relative increase of 3.15% and 0.5% for the 10 nm silver and gold 
nanoparticles with a peak density of 3 x 108 cm-2  compared to the reference device. Figure 5.54 
compares the recombination rates of the plasmonic devices, which decrease linearly with the 
increase in the silver and gold nanoparticle density. Figure 5.56 compares the steady state 
responses of the reference with the 5 x 108 particle density plasmonic devices to understand the 
plasmonic effects from the multiple nanoparticles embedded in the a-Si:H adjacent to the back 
aluminium electrode. 
 
Figure 5.54 (a) Open circuit voltage, (b) Current density, (c)Fill Factor and (d) Power conversion 
efficiency comparing reference and plasmonic devices with increasing densities of 10 nm silver 
and gold nanoparticles embedded in the active layer adjacent to the back aluminium electrode. 
Note: MNP = metal nanoparticles. 
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Figure 5.55 Recombination rate of the plasmonic devices as a function of metal nanoparticle 
density embedded in the active layer adjacent to the back aluminium electrode. Note MNP = metal 
nanoparticles. 
 
Figure 5.56 (a) Reference and plasmonic amorphous silicon photovoltaic device structures with 
200 nm thick active layers, incorporating multiple 10 nm radius (b) silver and (c) gold nanoparticles 
embedded in the active layer adjacent to the back aluminium electrode. (d-f) Optical intensity 
profile in the device structure illuminated by the AM1.5G solar spectrum. (g-i) Photogeneration rate 
in the active layer calculated from the optical intensity profile. (j-l) Electric field calculated from the 
optical intensity and built-in electric field in the active layer. (m-o) Recombination rate in the active 
layer of the photovoltaic device structures. The particle density of the plasmonic devices is 5 x 108 
cm-2. The scale bar in each case is 100 nm. 
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The optical intensity plots [Figure 5.56 (d-f)] show enhanced localised optical fields, in both the 
near and far field of the nanoparticles in the form of backscattering of light. The strong LSPR 
effects from the metal nanoparticles is absent in the a-Si:H layer. The photogeneration rate 
[Figure 5.56(g-i)] shows a localised enhancement only in the near field of the nanoparticle. 
There are no significant changes in the electric field [Figure 5.56(j-l)] adjacent to the 
nanoparticles, although there are noticeable decreases in the localised recombination rates at 
the a-Si:H/MNP/Al interface. The nanoparticles therefore act as Ohmic paths for charge 
extraction into the aluminium electrode. 
Appendix B5 compares the device structure, device mesh, optical intensity, photogeneration 
rate, electric field and recombination rate of the reference and plasmonic devices with 
increasing particle density of 10 nm radius silver and gold nanoparticles embedded in the a-Si:H 
layer adjacent to the back aluminium electrode. The optical intensity suggests that the back 
scattering efficiency of the nanoparticles peaks for a particle density of 3 x 108 cm-2, which 
corresponds to a separation distance of ~333 nm. This results in the maximum light trapping 
and enhancement in  𝑱𝒔𝒄. The back scattering from the nanoparticles increases significantly with 
the increase in the particle density and, after a particle density of 8 x 108 cm-2, the back 
scattering loses its periodicity and becomes disordered in nature. The photogeneration rates of 
the plasmonic devices show only near field enhancements which decrease with increasing 
particle density. There are no significant changes in the localised electric field around the 
nanoparticles in the plasmonic device structure and consequently do not affect the built-in 
electric at the p/p+ junction of the devices. The recombination rates show a consistent decrease 
at the a-Si:H/MNP/Al interface for all densities of nanoparticles.  
Figure 5.57 and Figure 5.58 show 2D contour plots of the surface reflection and spectral 
absorption in the a-Si:H layer of the reference and plasmonic devices respectively. Figure 5.59 
and Figure 5.60 show the relative change in the surface reflection from the glass layer and 
spectral absorption in the a-Si:H layer, which was also calculated by normalising the data to the 
reference device, respectively. The surface reflection is 20% reduced between 575-625 nm 
wavelengths for all densities of silver nanoparticles and for 8 x 108 cm-2 for gold nanoparticles. 
However, there is a 30% increase in the surface reflection for 625-700 nm for both the silver 
and gold nanoparticles at densities higher than 5 x 108 and 4 x 108 cm-2 respectively. The 
spectral absorption in the a-Si:H layer is increased by 30% between 550-625 nm for all 
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densities of silver nanoparticles, but only for gold densities greater than 10 x 108 cm-2. There is 
also a 10% decrease in the spectral absorption for gold nanoparticles at densities greater than 7 
x 108 cm-2.  
 
 
Figure 5.57 2D contour map of the surface reflections from the glass layer of the plasmonic 
amorphous silicon photovoltaic device structure across the solar spectrum (300-720 nm) as a 
function of (a) silver and (b) gold nanoparticle density. Note: The surface reflection from the 
reference device is represented as zero metal nanoparticle density. 
 
 
 
Figure 5.58 2D contour map of the spectral absorption in the amorphous silicon layer of the 
plasmonic photovoltaic device structure across the solar spectrum (300-720 nm) as a function of 
(a) Silver and (b) Gold nanoparticle density. Note: The spectral absorption in the reference device 
is represented as zero metal nanoparticle density. 
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Figure 5.59 2D contour map of the normalized surface reflections from the glass layer of the 
plasmonic amorphous silicon photovoltaic device structure across the solar spectrum (300-720 
nm) as a function of (a) silver and (b) gold nanoparticle density 
 
 
 
Figure 5.60 2D contour map of the normalized spectral absorption in the amorphous silicon layer of 
the plasmonic photovoltaic device structure across the solar spectrum (300-720 nm) as a function 
of (a) Silver and (b) Gold nanoparticle density. 
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Table 5.27 shows the relative changes in the surface reflection from the glass layer and spectral 
absorption in the a-Si:H layer of the reference and plasmonic devices with 10 nm radii silver and 
gold nanoparticles with increasing particle densities. Figure 5.61 shows that the average 
surface reflection increases and spectral absorption decreases linearly with the increase in the 
nanoparticle density.  
Table 5.27 Relative change in the surface reflections from the glass substrate and spectral 
absorption in the active layer of the plasmonic amorphous silicon photovoltaic device compared to 
the reference device. Note the average surface reflection and spectral absorption of the reference 
device is 38.53% and 48.86% across wavelengths from 300-720 nm respectively 
Nanoparticle Density (cm-2) Relative Surface Reflection (%) Relative Spectral Absorption (%) 
Metal Material Ag Au Ag Au 
1 x 108 4.55 0.21 4.73 -0.03 
2 x 108 4.17 0.78 4.67 -0.28 
3 x 108 4.27 -0.04 4.51 0.32 
4 x 108 3.24 1.36 3.91 -0.47 
5 x 108 2.88 1.20 4.06 0.18 
6 x 108 3.79 0.51 4.23 -0.08 
7 x 108 2.69 1.40 3.35 -0.60 
8 x 108 1.71 1.97 3.12 -0.52 
9 x 108 3.14 0.79 3.53 -0.33 
15 x 108 0.25 2.66 1.95 -0.26 
 
 
Figure 5.61 Averaged (a) surface reflection from the glass and (b) spectral absorption in the 
amorphous silicon layer of the plasmonic photovoltaic devices as a function of silver and gold 
nanoparticle density across 300-720 nm wavelengths. 
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Figure 5.62 shows the relative changes in the EQE of the silver and gold nanoparticle 
plasmonic devices and only show enhancements for a narrow bandwidth of 575-625 nm. The 
EQE of the gold nanoparticles displays a screening effect at particle densities greater than 8 x 
108 cm-2. Figure 5.63 shows the IQE of the plasmonic devices which degrade for wavelengths 
higher than 550 nm for both the silver and gold nanoparticle densities. 
 
Figure 5.62 2D contour plot of the normalized change in external quantum efficiency of the 
plasmonic amorphous silicon photovoltaic devices across the solar spectrum (300-720 nm) as a 
function of (a) Silver and (b) Gold nanoparticle density. 
 
Figure 5.63 2D contour map of the normalized internal quantum efficiency of the plasmonic 
amorphous silicon photovoltaic devices across the solar spectrum (300-720 nm) as a function of 
(a) Silver and (b) Gold nanoparticle density 
Finally, to summarise the pitch optimisation study, both the optical and electrical properties of 
devices containing multiple silver and gold nanoparticles showed significant changes. The 
results suggest the optimum separation distance between the nanoparticles is 300-500 nm for 
10 nm radii nanoparticles embedded in a-Si:H layer adjacent to the aluminium electrode, which 
results in a maximum 3.0 % relative increase in the power conversion efficiency. 
  
158 
 
5.3 Integration of Plasmonic Metal Nanoparticles in Electrically 
Active and Passive Regions 
In this section, the plasmonic metal nanoparticles have been incorporated in both the electrically 
active (a-Si:H) and passive (glass) regions of the TF PV device architecture. Figure 5.64 shows 
plasmonic light trapping using the positioning of multiple metal nanoparticles within the PV 
device. The size and pitch optimisation of the metal nanoparticles in the device configuration 
was obtained from the previously conducted studies with the optimum configuration selection.  
 
Figure 5.64 Forward light scattering by metal nanoparticles, embedded in glass and the active layer 
adjacent to the front indium tin oxide electrode, into the thin film amorphous silicon photovoltaic 
device, and back scattering of light from metal nanoparticles embedded in the active layer adjacent 
to the back aluminium electrode. The white dashed lines represent the positions of the electrical 
junctions. The glow around the metal nanoparticle represents the enhanced optical fields. Note: 
The dimensions of the materials are not to scale. 
Table 5.28 compares the electrical and optical performance parameters of the reference and 
plasmonic devices with 40 nm radius metal nanoparticles (~330 nm separation distance) 
embedded in glass and 10 nm nanoparticles (~200 nm separation distance) embedded in the a-
Si:H layer adjacent to the front indium tin oxide electrode and the back aluminium electrode. 
The 𝑱𝒔𝒄 for silver and gold metal nanoparticle based plasmonic devices increased by 6.81% and 
8.02% respectively due to the plasmonic effects. Since the metal nanoparticles are also present 
in the a-Si:H layer the 𝑭𝑭 also increased by 0.41% and 1.66% for the silver and gold metal 
nanoparticle devices respectively. However, there was no change in the 𝑽𝒐𝒄. Consequently, the 
power conversion efficiency increased by 6.64% and 9.29% for the silver and gold based 
plasmonic devices respectively. The photogeneration rate increased as a result of the increase 
in the 𝑱𝒔𝒄, but the recombination rate decreased leading to improved 𝑭𝑭 and efficient charge 
collection at the electrodes. Figure 5.65 compares the device structures and the steady state 
responses of the reference and plasmonic devices. 
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Table 5.28 Electrical and optical performance parameters of the n-i-p configured 200 nm thick 
amorphous silicon photovoltaic cell comparing reference and plasmonic devices with silver and 
gold nanoparticles both embedded in glass and within the active layer adjacent to the front indium 
tin oxide and back aluminium electrodes. Note: MNPs= metal nanoparticles. 
Device 
Voc 
 
(V) 
Jsc 
 
(mA cm-2) 
FF 
 
(%) 
η 
 
(%) 
Photogeneration 
Rate 
(cm-3 s-1) 
Recombination 
Rate 
(cm-3 s-1) 
Reference 0.85 9.10 77.83 6.03 7.79 x 1021 5.52 x 1012 
Silver MNPs 0.85 9.72 78.15 6.43 8.32 x 1021 5.13 x 1012 
Gold MNPs 0.85 9.83 79.12 6.59 8.42 x 1021 5.13 x 1012 
 
Figure 5.65 (a) Reference and (b,c) plasmonic amorphous silicon photovoltaic device structures 
with 200 nm thick active layers, incorporating (b) silver and (c) gold nanoparticles embedded in the 
glass (40 nm radius) and active layer (10 nm radius) adjacent to the front indium tin oxide and back 
aluminium electrodes respectively. (d-f) Optical intensity profile in the device structure illuminated 
by the AM1.5G solar spectrum. (g-i) Photogeneration rate in the active layer calculated from the 
optical intensity profile. (j-l) Electric field calculated from the optical intensity and built-in electric 
field in the active layer. (m-o) Recombination rate in the active layer of the photovoltaic device 
structures. The nanoparticle separation distance is ~330 nm in glass and ~200 nm in the active 
layer. The scale bar in each case is 100 nm. 
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The optical intensity [Figure 5.65 (d-f)] shows enhanced localised optical fields, in both the near 
field adjacent to the nanoparticles, and in the far field due to light scattering in the a-Si:H layer. 
The nanoparticles embedded in glass do produce shadowing effects in the active layer, but the 
optical intensity localised around the nanoparticles embedded in the a-Si:H layer is enhanced 
for nanoparticles positioned at both front and back electrode interfaces. The photogeneration 
rate [Figure 5.65 (g-i)] shows a localised enhancement in the a-Si:H layer mainly at the front ITO 
interface. Similarly, the localised electric field [Figure 5.65 (j-l)] shows an increase in the 
proximity of the nanoparticles at the front electrode but no change in the proximity of the 
embedded nanoparticles at the back electrode. The recombination rates in the plasmonic 
devices are decreased at both the front and back electrodes at the nanoparticle interfaces 
compared to the reference device. 
The optical data of the reference device is compared with the plasmonic devices in Figure 5.66, 
where the surface reflection is decreased for both metal nanoparticles for almost the entire solar 
spectrum. The spectral absorption in the a-Si:H layer is enhanced near the absorption band-
edge wavelengths of 600-700 nm and in particular for the shorter wavelengths due to the 
plasmonic effects in the metal nanoparticles. Table 5.29 compares the average and relative 
changes in the surface reflection and spectral absorption in the plasmonic devices compared to 
the reference devices from 300-720 nm  
 
Figure 5.66 (a) Surface Reflection and (b) spectral absorption in the reference and plasmonic thin 
film amorphous silicon photovoltaic devices. Note: MNPs= metal nanoparticles.  
The quantum efficiency of the reference and plasmonic devices are compared in Figure 5.67, 
where the 𝑬𝑸𝑬 is increased for almost the entire solar spectrum. However, the 𝑰𝑸𝑬 of the 
plasmonic devices shows a decrease for wavelengths shorter than 500 nm as result of the 
parasitic absorptions in the metal nanoparticles resulting in absorbed photons not converted in 
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to elections hole pairs. The absorption in silver is higher than gold, hence lower IQE for silver 
than gold based plasmonic devices. Table 5.30 compares the average and the relative changes 
in the 𝑬𝑸𝑬 and 𝑰𝑸𝑬 of the plasmonic devices compared to the reference devices  
Table 5.29 Average surface reflection and spectral absorption of the reference and plasmonic 
devices, from 300-720 nm, and relative changes compared to the reference device. 
Device 
Surface 
Reflection (%) 
Spectral 
Absorption (%) 
Relative Change 
Surface 
Reflection (%) 
Spectral 
Absorption (%) 
Reference 38.86 48.86 - - 
Silver  27.98 58.96 -27.38 20.67 
Gold  27.14 59.28 -29.56 21.33 
 
 
Figure 5.67 (a) External and (b) Internal quantum efficiency of the reference and plasmonic thin film 
amorphous silicon photovoltaic devices. Note: MNPs=metal nanoparticles.  
Table 5.30 Average external and internal quantum efficiency of the reference and plasmonic 
devices, from 300-720 nm, and relative changes compared to the reference device. 
Device EQE (%) IQE (%) 
Relative Change 
EQE (%) IQE (%) 
Reference 48.23 83.50 - - 
Silver MNPs 58.36 76.53 21.00 -8.35 
Gold MNP 59.02 78.65 22.37 -5.81 
 
Both the optical and electrical properties of the plasmonic devices containing silver and gold 
nanoparticles embedded in both the glass and the a-Si:H layer showed significant changes. 
Although the pitch distribution of the metal nanoparticles was not optimised, we achieved a 
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maximum 6 % relative increase in the power conversion efficiency. Also the a-Si:H volume 
concentration was reduced by incorporating nanoparticles in the active, which also reduces the 
overall absorption and plays a limiting factor in enhancing the power conversion efficiency. 
5.4 Summary 
In this chapter, an analysis of the effect of plasmonic metal nanoparticles on the ultra-TF n-i-p a-
Si:H PV was undertaken to optimise and enhance the light trapping in the 200 nm thick active 
layer. The plasmonic devices incorporated silver and gold nanoparticles with dimensions 
between 10-50 nm radius and particle densities sufficient to produce particle separation 
distances of between 60-1000 nm. Three different nanoparticle positions were investigated 
within the plasmonic device structures: embedded in the glass substrate and in the a-Si:H layer 
adjacent to the front and back electrodes respectively. Upon embedding the nanoparticles in the 
glass substrate, the optimum size and separation distance between the nanoparticles was 40 
nm radius and 200-320 nm respectively, which results in a maximum of 10.45% and 12.27% 
relative increase in power conversion efficiency, compared to the reference device, using silver 
and gold nanoparticles respectively. This increase in the efficiency was mainly due to the 
enhancement in the 𝑱𝒔𝒄 as a result of light scattering phenomenon into the a-Si:H layer. As a 
result of the enhancement, the photocurrents collected from the 200 nm thick plasmonic a-Si:H 
PV devices was greater than can be achieved using a 300 nm think a-Si:H layer in a non-
plasmonic device.  
Incorporation of the nanoparticles in the active layer of the PV suggests the optimum size and 
separation distance between the nanoparticles, embedded in the a-Si:H adjacent to either the 
front or back electrodes, was 10 nm radius and 200-500 nm respectively. This resulted in a 
maximum 4% and 3% relative increase in the power conversion efficiency, with respect to the 
reference device, for the silver and gold nanoparticles respectively. This increase in the 
efficiency in this case was also due to the light scattering, i.e. both forward and back scattering, 
but also due to improvements in the electrical parameters of the plasmonic PV devices. The 
incorporation of the plasmonic metal nanoparticles in the a-Si:H layer not only improved the 𝑱𝒔𝒄, 
due to the optical effects, but also improved the electrical parameters such as 𝑽𝒐𝒄 and 𝑭𝑭, as a 
result of better charge extraction and reduced recombination. However, there are some side-
effects to positioning plasmonic metal nanoparticles in the active layer. For example, the use of 
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large nanoparticles, greater than 15 nm radius adjacent to the front electrode in this study, 
degrades the electrical junction which consequently causes the plasmonic PV device to revert 
from a diode to a resistor and entirely destroys the PV characteristics.  
Incorporating plasmonic metal nanoparticles in both the electrically passive (glass) and active 
(a-Si:H) layers of the PV device architecture produces an enhancement of 6% in the power 
conversion efficiency compared to the reference device, mainly due to the increase in the 𝑱𝒔𝒄 
and 𝑭𝑭. In this case, the particle diameter and spacing used previously in the individual 
optimisation studies was used. Further optimisation of particle diameter and spacing specific for 
the multi-position case may produce further enhancements in power conversion efficiency. 
As a result, care should be taken while designing plasmonic PV devices, especially where the 
metal nanoparticles are electrically connected to the device architecture. No electrical 
degradation in the PV device performance was measured for electrically isolated metal 
nanoparticles embedded in the glass substrate. 
In the pitch optimisation study of the plasmonic PV devices, the density of the nanoparticle 
present in Table 5.7, Table 5.17 and Table 5.25 is best approximation for 2D analysis and 
should there be an analysis in 3D, the nanoparticle density will change and have been reported 
in respective tables. Scaling the nanoparticle density from 2D to 3D will influence the light 
scattering region of the nanoparticle. Since the nanoparticle in 2D is represented as a rod, there 
will be a significant shadowing effects from the nanoparticle going into the planar axis and 
however in the 3D analysis, where the nanoparticle is represented as a sphere in 3D space, 
there will have relatively less shadowing effects in the plasmonic PV device. Hence in the 3D 
analysis, it is proposed that there will be more plasmonic enhancement in the efficiency of the 
plasmonic PV device compared to the 2D analysis. 
During the spectral analysis study of the plasmonic devices, the spectral features observed in 
the surface reflection and absorption is as a result of optical impedance matching for silver and 
gold nanoparticles. This spectra changes with the change in the position of the nanoparticle in 
the device architecture resulting in different optical and electrical response of the plasmonic PV 
devices. The plasmon spectra of the nanoparticle embedded in glass as shown in appendix B is 
only an approximation of the optical changes in the plasmonic PV devices i.e. forward scattering 
and back scattering effects. This plasmon spectra will change depending on the surrounding 
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medium of the nanoparticle and particularly for the case of silicon, further study will need to be 
carried out to understand its optical effects.  
Although there is a gap in the literature for reports on a-Si:H plasmonic devices with metal 
nanoparticles less than 100 nm diameter, the efficiency enhancements of 7% achieved here, 
using the modelling package, are similar to those reported in the literature for devices 
containing larger nanoparticles have increase of 8% are reported [2] (section 2.4.5).  
5.5 References 
1. A. Mehonic, Quantum conductance in silicon oxide resistive memory devices. Scientific 
reports, 2013. 3. 
2. D. Derkacs, Improved performance of amorphous silicon solar cells via scattering from 
surface plasmon polaritons in nearby metallic nanoparticles. Applied physics letters, 
2006. 89(9): p. 093103-093103-3. 
 
165 
 
Chapter 6 Effects of Plasmonic Metal Nanoparticles on the 
Performance of Organic Photovoltaics 
In this chapter, metal nanoparticles have been incorporated into an organic photovoltaic device 
and enhanced performance, due to the plasmonic effects of the metal nanoparticles, has been 
demonstrated experimentally (section 6.1). The development of an optoelectronic model to 
simulate plasmonic metal nanoparticles embedded in the organic photovoltaic devices is then 
developed and the simulation results compared with the experimental results (section 6.2). 
6.1 Metal Nanoparticle based Plasmonic Organic Photovoltaic 
Devices 
Organic Photovoltaic devices (OPVs) are the emerging 3rd generation PV technology for 
harvesting solar energy due to benefits such as light weight, flexibility, low-cost and low 
temperature manufacturing processes. Most of the organic photovoltaic devices are based on a 
mixture of solution processable semiconducting polymers and fullerenes mixed together to form 
a bulk-heterojunction (BHJ). Figure 6.1 shows examples of commercial products based on OPV 
devices which are now available for portable charging units and customised semi-transparent 
PV panels for BIPV applications. These large active area commercial products are typically 
based on a BHJ incorporating the widely known poly-thiophene organic semiconducting 
polymers, such as poly(3-hexylthiphene) [P3HT], and a fullerene derivative, such as [6,6]-
Phenyl-Cx-butyric acid methyl ester [PCxBM] (where x=60 or 70). However, these products are 
typically less than 5% efficient. In this section, plasmonic metal nanoparticles are incorporated 
in the device architecture of P3HT:PC70BM based OPV devices to enhance its performance.  
 
Figure 6.1 Examples of (left) portable and (right) semi-transparent organic photovoltaic products 
[1, 2]. 
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Figure 6.2 shows the standard device arcitecture of the P3HT:PC70BM OPV device, where the 
plasmonic 50 nm diameter silver and gold nanoparticles are incorporated in the PEDOT:PSS 
hole transport layer in different volume concentrations.  
 
Figure 6.2 Device architecture of the P3HT:PC70BM organic photovoltaic cells. The plasmonic metal 
nanoparticles are embedded in the PEDOT:PSS hole transport layer.  
Figure 6.3 (a) shows the energy diagram of the reference OPV device and describes the exciton 
generation in the BHJ, exciton dissociation at the donor-acctptor interface, carrier transport in 
the interfacial layers such as PEDOT:PSS and collection phenomenon at the respective 
electrodes. Holes and electrons are collected at the front ITO and rear aluminum electrode 
respectively using an external bias voltage.  
 
Figure 6.3 (a)Energy diagram of the P3HT:PC70BM organic photovoltaic devices. The charge 
generation, transfer, transport and collection phenomenon are shown using the curved connector 
arrows. (b) Energy diagram alignment of plasmonic metal nanoparticles showing the hole 
conduction from P3HT to the ITO electrode. Hole transport is assisted by the gold nanoparticles 
but is impeded for silver nanoparticles due to misaligned Fermi energy levels [3]. 
Table 6.1 shows the electical parameters, such as the 𝑽𝒐𝒄, 𝑱𝒔𝒄, 𝑭𝑭 and 𝜼, of the reference and 
plasmon enhanced OPV devices with different volume concentrations of silver and gold 
nanoparticles incorporated in the PEDOT:PSS. The 𝑱𝒔𝒄 of all the devices were also recalculated 
by integrating the EQE with the AM1.5G solar spectrum to validate the 𝑱𝒔𝒄 of the solar simulated 
J-V data. 
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Table 6.1 Electrical parameters of the reference and plasmon enhanced P3HT:PC70BM organic photovoltaic devices incorporating different volume concentrations of 
silver and gold nanoparticles positioned in the PEDOT:PSS hole transport layer. The electrical data is averaged with standard deviation for each volume ratio with 5 
devices. The optimum set of data is shown bold letters. The electrical data presented in Table 6.1 is analysed in Figure 6.4. 
Device 
PEDOT:PPS-MNP 
Volume ratio 
(V:V) 
Voc 
 
(V) 
Jsc J-V 
 
(mA cm-2) 
Jsc EQE 
 
(mA cm-2) 
FF 
 
(%) 
η J-V 
 
(%) 
η EQE 
 
(%) 
Reference - 0.61±0.01 9.34±0.54 9.44±0.09 64.62±2.55 3.67±0.31 3.70±0.16 
Silver 1:1 0.59±0.01 7.55±0.46 10.17±0.03 50.28±2.26 2.26±0.23 3.05±0.13 
 2:1 0.59±0.00 7.64 ±0.42 10.28±0.07 50.13±2.98 2.25±0.23 3.02±0.16 
 3:1 0.59±0.00 9.36±1.23 10.17±0.03 52.75±6.18 2.94±0.69 3.16±0.36 
 4:1 0.59±0.01 10.46±0.93 10.08±0.20 55.77±5.04 3.47±0.49 3.33±0.29 
 5:1 0.59±0.00 9.34±0.64 10.05±0.15 57.53±4.07 3.19±0.42 3.42±0.19 
 6:1 0.59±0.00 9.97±0.13 10.05±0.14 55.61±5.85 3.28±0.33 3.30±0.30 
Gold 1:1 0.61±0.00 9.83±0.32 9.23±0.10 64.48±1.98 3.87±0.09 3.64±0.13 
 2:1 0.61±0.01 9.89±0.53 9.64±0.42 66.06±0.63 4.00±0.28 3.90±0.23 
 3:1 0.60±0.01 10.34±0.70 9.95±0.48 62.01±4.25 3.80±0.09 3.67±0.17 
 4:1 0.61±0.01 9.99±0.51 9.42±0.22 64.93±2.22 3.96±0.35 3.73±0.20 
 5:1 0.60±0.00 10.36±0.39 9.96±0.34 61.07±2.79 3.77±0.03 3.63±0.05 
 6:1 0.61±0.01 9.92±0.50 9.49±0.41 66.01±0.56 3.98±0.28 3.81±0.24  
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Figure 6.4 (a) compares the 𝑽𝒐𝒄 of the reference and plasmonic devices. The 𝑽𝒐𝒄 of the gold 
metal nanoparticle devices does not change compared to the reference, however there is 0.2 V 
decrease for silver nanoparticle based OPV devices compared to the reference. This decrease 
suggests the presence of a potential barrier at the interface between the PEDOT:PSS-Ag 
nanoparticle layer and the P3HT due to the lower work function of silver (~4.5 eV) causing a 
greater mismatch in energy levels compared to gold nanoparticles [Figure 6.3 (b)]. Figure 6.4 
(b) shows that the 𝑱𝒔𝒄 of all the gold nanoparticle based plasmonic devices is increased by an 
average of 0.5 mA cm-2. In comparison, for the silver nanoparticles based plasmonic devices, 
there is an average increase of 0.5 mA cm-2 for lower nanoparticle concentration between 15-
25% and for high volume concentration of 33-50%; the 𝑱𝒔𝒄 is decreased by an average of 2 mA 
cm-2. Figure 6.4 (c) shows no change in the 𝑭𝑭 of the gold nanoparticle based plasmonic 
devices, however a 10% reduction in 𝑭𝑭 and a decreasing trend with increasing silver 
nanoparticle concentration is seen compared to the reference. Charge trapping and surface 
recombination at the Ag nanoparticle interface results in exciton quenching which also leads to 
a reduced 𝑱𝒔𝒄 for higher nanoparticle concentration plasmonic devices. 
 
Figure 6.4 (a) Open circuit voltage, (b) Short circuit current density, (c) Fill factor and (d) Power 
conversion efficiency comparing the reference and plasmonic devices with the increasing volume 
concentration of plasmonic metal nanoparticles embedded in the PEDOT:PSS hole transport layer. 
The solid lines are made to guide the eye. Note: MNP=Metal nanoparticles.  
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As a result of the changes in the electrical parameters of the plasmonic OPV devices, the power 
conversion efficiency shown in Figure 6.4(d) is on average remained unchanged for gold and 
decreased by 0.75% for silver based plasmonic devices, compared to an average efficiency of 
3.67% for reference devices. Figure 6.5(a) compares the integrated EQE 𝑱𝒔𝒄 of the reference 
and plasmonic devices, where gold and silver nanoparticle based plasmonic devices 𝑱𝒔𝒄 show 
an average increase of 1 mA cm2 and 0.50 mA cm-2 compared to the reference device. In this 
case, both the nanoparticle based OPV devices show a decreasing trend with the increase in 
nanoparticle concentration. 
 
Figure 6.5 (a) Short circuit current density from the EQE integration of the AM1.5G solar spectrum 
and (b) Power conversion efficiency from the integrated EQE comparing the reference and 
plasmonic devices with the increasing volume concentration of plasmonic metal nanoparticles 
embedded in the PEDOT:PSS hole transport layer. The solid lines are made to guide the eye. Note: 
MNP=Metal nanoparticles.  
The 𝑱𝒔𝒄 calculated from the J-V and integrated EQE measurements shows mismatch in the 
values for silver nanoparticle based OPV devices. Although both the measurements systems 
were calibrated using the certified silicon reference device, the changes in the measurements 
cannot be fully explained. One possibility may be due to a change in the flux from the Xenon 
lamp in the solar simulator when it is initially switched on. Consequently, in this situation, the 𝑱𝒔𝒄 
calculated from the integrated EQE is considered to be a more accurate measurement than the 
𝑱𝒔𝒄 calculated from the solar simulator measurement. 
As a result of the changes in the electrical parameters of the plasmonic OPV devices, the 
averaged power conversion efficiency shows no change for gold and decreased by 0.62% for 
silver based plasmonic devices compared to the reference. However, the maximum efficiencies 
recorded for the gold and silver based nanoparticle plasmonic devices was 4.42% and 3.95% 
respectively compared to 3.94% for the reference device. 
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The decrease in the fill factor is quantified by changes in the series and shunt resistance in the 
plasmonic devices compared to the reference device. Table 6.2 compares the series and shunt 
resistance under light and dark bias conditions for both the reference and plasmonic devices. 
Analysing the series and shunt resistances when illuminated (Figure 6.6) and in dark (Figure 
6.7) conditions helps to determine the effect of photocurrent on the performance of the diode 
characteristics. 
Table 6.2 Series and shunt resistances under illumination and dark conditions for the reference 
and plasmonic devices with increasing concentrations of plasmonic metal nanoparticles 
embedded in the PEDOT:PSS hole transport layer. 
Device 
PEDOT:PPS-
MNP 
Volume ratio 
(V:V) 
Light Bias Conditions Dark Bias Conditions 
Series 
Resistance  
Ω cm2 
Shunt 
Resistance 
kΩ cm2 
Series 
Resistance  
Ω cm2 
Shunt 
Resistance 
MΩ cm2 
Reference - 10.00±2.08 1.79±1.37 62.68±8.20 17.93±13.48 
Silver 1:1 15.63±3.03 0.30±0.04 113.46±16.34 22.06±16.12 
 2:1 14.27±3.19 0.29±0.04 121.12±69.87 13.67±10.26 
 3:1 13.71±4.67 0.44±0.18 89.82±34.98 24.45±13.29 
 4:1 11.68±3.51 0.70±0.51 72.82±17.69 16.13±14.49 
 5:1 10.97±1.38 0.83±0.62 70.64±11.11 13.54±6.69 
 6:1 12.31±2.08 0.80±0.35 79.59±15.60 16.39±5.76 
Gold 1:1 10.21±0.34 1.72±1.07 59.66±2.43 28.16±25.69 
 2:1 09.75±0.62 2.06±1.50 60.11±9.54 15.48±6.70 
 3:1 10.39±0.58 2.17±1.80 54.27±2.90 18.74±13.38 
 4:1 10.00±2.19 2.00±1.02 67.52±28.95 14.46±8.32 
 5:1 10.82±0.57 10.82±0.57 55.83±5.25 8.69±6.61 
 6:1 09.38±0.57 09.38±0.57 58.68±6.10 8.53±3.76 
 
Figure 6.6 (a) shows the illuminated series resistance of the reference and plasmonic devices, 
where the silver nanoparticle based plasmonic devices show an increasing trend with the 
increase in the nanoparticle concentration. The series resistance of the gold nanoparticle based 
devices shows a modest increase compared silver. The average series resistance for the silver 
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and gold nanoparticle devices is relatively increased by 20% and decreased by 7% respectively 
compared to the reference device. Figure 6.6(b) shows the illuminated shunt resistance of the 
reference and plasmonic devices, where the silver nanoparticle based plasmonic devices show 
a decreasing trend with the increase in the nanoparticle concentration; the shunt resistance of 
the gold nanoparticle based devices is relatively flat for all nanoparticle concentrations. The 
average shunt resistance for silver and gold nanoparticle devices is relatively decreased by 
68% and 1% respectively compared to the reference, which consequently increases the 
leakage current of the plasmonic devices. 
 
Figure 6.6 (a) Series and (b) Shunt resistance in illuminated conditions comparing the reference 
and plasmonic devices with increasing concentrations of plasmonic metal nanoparticles 
embedded in the PEDOT:PSS hole transport layer. The solid lines are included as a guide for the 
eye. Note: MNP=Metal nanoparticles.  
 
Figure 6.7 (a) Series and (b) Shunt resistance in dark conditions comparing the reference and 
plasmonic devices with increasing concentrations of plasmonic metal nanoparticles embedded in 
the PEDOT:PSS hole transport layer. The solid lines are included as a guide for the eye. Note: 
MNP=Metal nanoparticles. 
Figure 6.7 (a) shows the series resistance of the reference and plasmonic devices in dark 
conditions, where the silver nanoparticle devices show an increasing trend with the increase in 
nanoparticle concentration. The series resistance of the gold nanoparticle based devices is 
unchanged compared to reference, however shows increases for silver. The average series 
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resistance for the silver nanoparticle devices is relatively increased by 45% and unchanged for 
gold nanoparticles compared to the reference device. As a result, the silver nanoparticles 
significantly impede the flow of the charge carriers at the front interface of the plasmonic 
devices, whereas gold nanoparticle assists the charge flow. Figure 6.7(b) shows the shunt 
resistance of the reference and plasmonic devices in dark conditions, where the silver and gold 
nanoparticle devices show an increasing trend with the increase in the nanoparticle 
concentration. Hence, the average shunt resistance for the silver and gold nanoparticle devices 
are relatively decreased by 1% and 12% respectively, which increases the leakage current of 
the plasmonic devices. Figure 6.8 compares the leakage current of the reference and plasmonic 
devices in the dark, where the leakage current increases for gold and silver nanoparticles with 
the increase in the nanoparticle concentration. 
 
Figure 6.8 Leakage current comparing the reference and plasmonic devices with increasing 
concentrations of plasmonic metal nanoparticles embedded in the PEDOT:PSS hole transport 
layer. The solid lines are intended as a guide for the eye. Note: MNP=Metal nanoparticles. 
Figure 6.9 and Figure 6.10 show the surface reflection and spectral absorption in the plasmon 
enhanced OPV devices with the increasing nanoparticle concentration. There are no significant 
changes in the optical data upon the incorporation of the plasmonic metal nanoparticles. The 
surface reflection is increased for the silver nanoparticle based plasmonic devices near the 
absorption band of the P3HT:PC70BM, between 620-720 nm. As a result the light absorption is 
reduced between 620-720 nm for the silver nanoparticle based plasmonic devices. These 
changes are due to reflection from the silver nanoparticles at the ITO-PEDOT:PSS interface. 
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Figure 6.9 Surface reflection for (a) Silver and (b) Gold nanoparticle based plasmonic devices with 
increasing concentrations of nanoparticles in the PEDOT:PSS, compared to the reference. 
 
Figure 6.10 Spectral Absorption for (a) Silver and (b) Gold nanoparticle based plasmonic devices 
with increasing concentrations of nanoparticles in the PEDOT:PSS, compared to the reference. 
Figure 6.11 shows the averaged surface reflection and spectral absorption in the silver and gold 
nanoparticle based devices with the increase in the nanoparticle concentration. There is a 
relative increase of 5.50% and no change for silver and gold nanoparticle based plasmonic 
devices respectively. As a result, the spectral absorption shows a decrease of 7% for gold and 
no change for gold based plasmonic OPV devices compared to the reference.  
 
Figure 6.11 Averaged (a) Surface Reflection and (b) Spectral Absorption in the device structure for 
plasmonic devices with the increasing nanoparticle concentrations. 
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Figure 6.12 and Figure 6.13 show the external and internal quantum efficiency of the plasmon 
enhanced OPV devices with the increasing nanoparticle volume concentration. The EQE of the 
silver and gold nanoparticle based OPV devices are both increased in the wavelength ranges of 
350-600 nm and 450-600 nm respectively. This change corresponds to the relative increase of 
10% and 0.5% for silver and gold nanoparticle based devices compared to reference, as shown 
in Figure 6.14(a). The IQE of the silver and gold nanoparticle based OPV devices also show 
enhancement in the same wavelength range as the EQE enhancement. This change 
corresponds to a relative increase of 16.5% and 0.5% for silver and gold nanoparticle based 
plasmonic devices compared to the reference as shown in Figure 6.14(b).  
 
Figure 6.12 External Quantum Efficiency of (a) Silver and (b) Gold nanoparticles based plasmonic 
devices with the increasing concentrations of nanoparticles in PEDOT:PSS compared to the 
reference. 
 
 
Figure 6.13 Internal Quantum Efficiency of (a) Silver and (b) Gold nanoparticle based plasmonic 
devices with increasing concentration of nanoparticles in PEDOT:PSS compared to the reference. 
These effects are attributed to the plasmonic properties of the silver and gold nanoparticles 
embedded in the PEDOT:PSS at the BHJ interface, which results in higher exciton generation in 
the BHJ and therefore enhanced quantum efficiency in the plasmonic devices. 
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Figure 6.14 Averaged (a) External and (b) Internal quantum efficiency for plasmonic devices with 
increasing nanoparticle concentrations. 
Finally, to summarise the experimental study on the effects of the metal plasmonic 
nanoparticles on the performance of the organic photovoltaic devices, both the optical and 
electrical properties of the OPV devices can be seen to show significant changes. The results 
suggest that the overall performance of the gold nanoparticle based plasmonic devices was 
better than silver. The silver plasmonic nanoparticle devices showed poor electrical 
performance as a result of reduced fill factors. This is due to exciton quenching at the 
PEDOT:PSS-BHJ interface, caused due to charge trapping [Figure 6.3(b)], and lower open 
circuit voltages, due to the presence of a potential barrier. No such degradation was observed 
for gold nanoparticle based OPV devices as the Fermi energy level matches well with the 
PEDOT:PSS and assists in charge transport. The averaged power conversion efficiency was 
therefore was unchanged for gold nanoparticles and decreased by 16.85% for silver based 
plasmonic devices compared to the reference. Due to the experimental uncertainty in the results 
for gold based plasmonic devices, no significant enhancements was achieved compered to 
reference. 
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6.2 Optoelectronic Modelling of Organic Photovoltaic Devices 
Incorporating Plasmonic Metal Nanoparticles 
In this section, the plasmonic effects of the metal nanoparticles on the performance of 
P3HT:PC70BM OPV devices are examined using the organic optoelectronic model. A size and 
pitch optimisation is performed on the PEDOT:PSS embedded metal nanoparticles to optimise 
the plasmonic effects. 
6.2.1 Size Optimisation  
Figure 6.15 presents the device and corresponding mesh structures of the reference 
P3HT:PC70BM OPV device. The electrical parameters of the organic materials used in the 
device structure are given in Appendix C1. 
 
Figure 6.15 (a) Device and (b) mesh structures of the reference P3HT:PC70BM photovoltaic devices. 
Note the scale bar in each case is 100 nm. 
The P3HT:PC70BM optoelectronic model was benchmarked using experimentally measured 
data from devices with the composition and dimensions quoted in Figure 6.15. Table 6.3 
compares the simulated and experimental data of the P3HT:PC70BM devices, where the output 
parameters of the simulated device structure falls within the error of the experimental data. The 
P3HT:PC70BM experimental data was produced using a high quality P3HT (90K molecular 
weight), which gives better electrical and optical properties due to low impurity levels compared 
to the previously used P3HT in the experimental study in section 6.1. 
Table 6.3 Comparison of simulated data and experimental results for equivalent P3HT:PC70BM 
photovoltaic devices. 
OPV Device Voc (V) Jsc (mA cm-2) Fill Factor (%) η(%) 
Simulated 0.64 10.79 64.16 4.36 
Experimental 0.64±0.02 10.08±0.33 65.68±0.67 4.21±0.04 
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Table 6.4 compares the performance of P3HT:PC70BM OPV reference devices with different 
silver and gold nanoparticle radii embedded in the PEDOT:PSS layer.  
Table 6.4 Performance parameters of P3HT:PC70BM organic photovoltaic reference devices and 
devices with plasmonic silver and gold nanoparticles of different radii embedded in the 
PEDOT:PSS layer. The optimum data is represented in bold letters. 
OPV Device 
Voc 
(V) 
Jsc 
(mA cm-2) 
FF 
(%) 
η 
(%) 
Recombination 
Rate (cm-3 s-1) 
Reference 0.64 10.79 64.16 4.36 3.66 x 1010 
MNP 
Material 
Radius (nm)   
Silver 
5 0.64 10.78 64.29 4.44 3.83 x 1010 
10 0.64 10.82 64.39 4.46 3.83 x 1010 
15 0.64 10.81 64.56 4.47 3.84 x 1010 
20 0.64 10.77 64.87 4.47 4.07 x 1010 
25 0.64 10.74 65.07 4.46 4.26 x 1010 
Gold 
5 0.64 10.83 64.30 4.46 3.82 x 1010 
10 0.64 10.88 64.37 4.48 3.83 x 1010 
15 0.64 10.90 64.53 4.50 3.84 x 1010 
20 0.64 10.87 64.89 4.51 4.07 x 1010 
25 0.64 10.83 65.07 4.50 4.27 x 1010 
Figure 6.16 plots the electrical output parameters (Table 6.4) of the reference and plasmon 
enhanced OPV devices with increasing radii metal nanoparticles embedded in the PEDOT:PSS 
layer. The simulated 𝑽𝒐𝒄 of the silver and gold nanoparticle based plasmonic devices shows no 
degradation compared to the reference device. The simulated 𝑱𝒔𝒄 of the plasmonic devices 
peaks for the 10 nm and 15 nm radii silver and gold nanoparticles respectively. The simulated 
𝑭𝑭 of the plasmonic devices shows enhancements for all the plasmonic devices. As a result of 
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the changes in the electrical parameters, the power conversion efficiency of the plasmonic 
devices peaks for 15 nm and 20 nm radii silver and gold nanoparticle devices respectively. The 
recombination rate of the plasmonic devices increases linearly for nanoparticles larger than 15 
nm radius as they get closer to the BHJ interface. The comparison of the simulated and 
experimental plasmonic devices is carried out at the end of this chapter. 
 
Figure 6.16 (a) Current Density, (b) Fill factor, (c) Power conversion efficiency and (d) 
Recombination Rate of the reference and plasmon enhanced organic photovoltaic devices with 
increasing radii metal nanoparticles embedded in the PEDOT:PSS layer. 
Figure 6.17(a-c) compares the device structure of the reference and 20 nm radius nanoparticle 
OPV plasmonic devices. The optical intensity [Figure 6.17(d-f)] shows localised enhancements 
occur only in the near field adjacent to the nanoparticles. There are also shadowing effects 
underneath the nanoparticle and no far field scattering is observed. The exciton density [Figure 
6.17(g-i)] is enhanced adjacent to the nanoparticle suggesting improved light absorption due to 
near field scattering effects. The electric field [Figure 6.17(j-l)] is also enhanced adjacent to the 
nanoparticle due to plasmonic effects. The recombination rate [Figure 6.17(m-o)] is also 
enhanced at the metal nanoparticle–PEDOT:PSS- BHJ interface due to exciton quenching. 
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Figure 6.17(a-c) Reference and plasmonic P3HT:PC70BM photovoltaic devices incorporating 15 nm 
radii silver and gold nanoparticles embedded in the PEDOT:PSS layer. (d-f) Optical Intensity profile 
in the device structure illuminated by the AM1.5G solar spectrum. (g-i) Exciton density in the active 
layer calculated from the optical intensity profile. (j-l) Electric field calculated from the optical 
intensity and built-in electric field in the active layer. (m-o) Recombination rate in the active layer of 
the photovoltaic device structure. The scale bar in each case is 100 nm. 
Appendix C2 compares the device structure, device mesh, optical intensity, exciton density, 
electric field and recombination rate of the reference and plasmonic devices with 5-25 nm radius 
silver and gold nanoparticles embedded in the PEDOT:PSS. The optical intensity is only 
enhanced in the near field and no changes were observed in the far field. The shadowing 
effects increased with the increase in the metal nanoparticle radius. The exciton density profile 
shows enhancements in the near field for 5-20 nm radii nanoparticles and decreases for the 25 
nm radii nanoparticles. The near field electric field intensity shows enhancements for all radii 
metal nanoparticles due to the plasmonic effects. The recombination rate increases with the 
increase in the metal nanoparticle radius as the separation distance is reduced within the BHJ 
junction for metal nanoparticle radii greater than 15 nm. Hence the recombination rate increases 
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significantly due to exciton quenching at the MNP/BHJ interface. Appendix C2 also compares 
the extinction, absorption, forward scattering, back scattering and albedo of the 5-25 nm radii 
silver and gold nanoparticles embedded in the PESOT:PSS layer.  
Figure 6.18 shows the surface reflection and spectral absorption of the reference OPV devices 
where the average surface reflection and spectral absorption from 300-680 nm is 18.49% and 
64.81% respectively. Table 6.5 compares the relative changes in the average surface reflection 
and spectral absorption of the plasmonic OPV devices compared to the reference. There is no 
significant changes in the optical data upon incorporation of metal nanoparticles in the 
PEDOT:PSS. However, the 10 nm and 15 nm radii silver and gold metal nanoparticles show the 
optimum relative changes in the surface reflection and spectral absorption compared to the 
reference device.  
 
Figure 6.18 (a) Surface Reflection and (b) Spectral Absorption in the reference photovoltaic device. 
Note the average surface reflection and spectral absorption is 18.49% and 64.81% respectively 
across 300-680 nm. 
Table 6.5 Relative change in the surface reflection from the glass substrate and spectral absorption 
in the active layer of the plasmonic organic photovoltaic devices compared to the reference device. 
Note the average surface reflection and spectral absorption is 18.49% and 64.81% respectively 
across 300-680 nm. 
MNP Radius 
(nm) 
Relative Surface Reflection Relative Spectral Absorption 
Metal Material Ag Au Ag Au 
5 0.01 -2.08 0.00 0.59 
10 0.04 -2.82 0.23 1.05 
15 0.16 -3.93 0.20 1.36 
20 1.03 -3.29 0.04 1.25 
25 1.60 -1.02 -0.13 0.61 
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Figure 6.19 and Figure 6.20 show the relative change in the surface reflection from the glass 
layer and spectral absorption in the BHJ layer, which was calculated by normalising the data to 
the reference device. The surface reflection is relatively reduced by 10% for wavelengths of 
500-550 nm and 400-450nm for silver and gold nanoparticles respectively. However there is a 
5% relative increase in surface reflection for the longer wavelengths, 600-700 nm, respectively 
for both the nanoparticles. 
 
Figure 6.19 2D contour map of the normalised surface reflation from the glass layer of the 
plasmonic organic photovoltaic devices across the solar spectrum (300-720 nm) as a function of 
(a) Silver and (b) Gold nanoparticle radius.  
The relative spectral absorption shows no enhancement for the silver nanoparticle based OPV 
device, however there is a 5 % relative increase in the spectral absorption for the gold 
nanoparticle based devices between 380-450 nm. The spectral absorption is also reduced near 
the absorption band-edge of the BHJ, near 660-680 nm, for both the silver and gold 
nanoparticles.  
 
Figure 6.20 2D contour map of the normalised spectral absorption in the active layer of the 
plasmonic organic photovoltaic devices across the solar spectrum (300-720 nm) as a function of 
(a) Silver and (b) Gold nanoparticle radius.  
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Table 6.6 compares the relative changes in the external and internal quantum efficiency of the 
plasmonic OPV devices compared to the reference. The relative EQE peaks for 10 nm and 15 
nm radii silver and gold nanoparticle based plasmonic devices respectively; however the IQE for 
all the plasmonic devices is decreased compared to the reference due to increased 
recombination. This results in absorbed photons not being converted to separate electron and 
holes due to exciton quenching at the metal nanoparticle-PEDOT:PSS-BHJ interface. 
Table 6.6 Relative changes in the external and internal quantum efficiency of the plasmonic organic 
photovoltaic devices compared to the reference device. Note the average surface reflection and 
spectral absorption is 64.75% and 96.61% respectively across 300-680 nm. 
MNP Radius 
(nm) 
Relative  
Quantum Efficiency 
 External Internal 
Metal Material Ag Au Ag Au 
5 0.00 0.57 -0.05 -0.05 
10 0.23 1.05 -0.06 -0.04 
15 0.20 1.36 -0.06 -0.02 
20 0.04 1.22 -0.16 -0.08 
25 -0.14 0.61 -0.28 -0.21 
 
Figure 6.21 and Figure 6.22 compares the normalised external and internal quantum efficiency 
of the plasmonic devices with respect to the reference device. There are no enhancements in 
the EQE for silver nanoparticle radii less than 20 nm and the EQE also decreases for the 25 nm 
radii nanoparticles. The gold nanoparticle based plasmonic devices show a 6% enhancement 
only for a small bandwidth range of 400-425 nm for 10-20 nm radii nanoparticles. 
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Figure 6.21 2D contour map of the normalised external quantum efficiency of the plasmonic 
organic photovoltaic devices across the solar spectrum (300-680 nm) as a function of (a) Silver and 
(b) Gold nanoparticle radius. 
The IQE of the plasmonic devices also shows no significant enhancements for both metal 
nanoparticles and in fact decreases for nanoparticles greater than 15 nm radii over the entire 
spectrum.  
 
Figure 6.22 2D contour map of the normalised internal quantum efficiency of the plasmonic organic 
photovoltaic devices across the solar spectrum (300-680 nm) as a function of (a) Silver and (b) 
Gold nanoparticle radius. 
Consequently, this study suggests that plasmonic nanoparticles have no significant effect on the 
performance of the OPV devices. However a modest increase in 𝑱𝒔𝒄 for 10 nm silver (0.22%) 
and 15 nm gold (1.00%) nanoparticles were observed as a result of plasmonic effects. The 𝑭𝑭 
of the plasmonic devices shows an increase despite an increased recombination, which shows 
that there are more excitons extracted. The recombination rates for the plasmonic devices 
significantly increased for metal nanoparticles greater than 15 nm radius and caused exciton 
quenching at the nanoparticle/BHJ interface. Therefore, we used the 15 nm radius metal 
nanoparticle to carry out the pitch optimization study.   
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6.2.2 Pitch Optimization 
In this section, pitch optimization based on 15 nm radius silver and gold nanoparticles is carried 
out by varying the separation distance and particle density of the nanoparticles embedded in the 
PEDOT:PSS layer. Table 6.7 shows the particle density, which corresponds to the pitch 
distance and area coverage of the metal nanoparticles. 
Table 6.7 Particle density and equivalent pitch distance and area coverage of the nanoparticles 
embedded in PEDOT:PSS layer. 
Particle Density (cm-2) Pitch Distance (nm) Area Coverage (%) 
2D 3D 
1 x 108 1 x 108 1000.00 0.07 
2 x 108 4 x 108 500.00 0.28 
3 x 108 9 x 108 333.33 0.64 
5 x 108 25 x 108 250.00 1.77 
9 x 108 81 x 108 111.11 5.72 
Table 6.8 compares the performance of the P3HT:PC70BM OPV reference device with the 15 
nm radii silver and gold nanoparticle devices with increasing particle density embedded in the 
PEDOT:PSS layer. The 𝑽𝒐𝒄 of the plasmonic devices decreases by 0.01 V for both silver and 
gold nanoparticles with a density greater than 3 x 108 cm-2 and matched the plasmonic  
experimental results with good agreement. The 𝐽𝑠𝑐 of the plasmonic devices also increases 
linearly with the increase in the particle density showing the increasing effect of the plasmonic 
nanoparticles. The 𝐹𝐹 of the plasmonic cells also increases with the particle density, and hence 
the power the conversion efficiency of the plasmonic devices increases linearly with the particle 
density. The recombination rates in the plasmonic devices also increases with the nanoparticle 
density suggesting an increase in exciton quenching.  
The output parameters obtained from the plasmonic device modelling do not match completely 
as the pitch optimization was carried out at the optimum 15 nm radii, while the experimental 
study was based on 25 nm radii nanoparticles. However there are similarities observed in the 
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behavior of the plasmonic devices with similar changes in the 𝑽𝒐𝒄, 𝑱𝒔𝒄 and recombination rates, 
compared to the experimental results.  
Table 6.8 Performance parameters of P3HT:PC70BM organic photovoltaic reference devices and 
devices incorporating plasmonic 15 nm radius silver and gold nanoparticles of different particle 
densities embedded in the PEDOT:PSS layer. 
OPV Device 
Voc 
(V) 
Jsc 
(mA cm-2) 
FF 
(%) 
η 
(%) 
Recombination 
Rate (cm-3 s-1) 
Reference 0.64 10.79 64.16 4.36 3.66 x 1010 
MNP 
Material 
Particle Density 
(cm-2) 
  
Silver 
1 x 108 0.64 10.81 64.56 4.47 3.84 x 1010 
2 x 108 0.64 10.83 65.05 4.52 3.72 x 1010 
3 x 108 0.64 10.88 65.54 4.56 4.00 x 1010 
5 x 108 0.63 10.97 66.01 4.56 3.80 x 1010 
9 x 108 0.63 11.50 66.67 4.83 3.86 x 1010 
Gold 
1 x 108 0.64 10.90 64.53 4.50 3.84 x 1010 
2 x 108 0.64 10.94 64.98 4.48 3.72 x 1010 
3 x 108 0.64 11.00 65.47 4.61 4.00 x 1010 
5 x 108 0.63 11.11 65.90 4.6 3.80 x 1010 
9 x 108 0.63 11.26 66.56 4.72 3.87 x 1010 
Figure 6.23 compares the steady state response of the reference with OPV devices 
incorporating a particle density of 5 x 108 cm-2. The optical intensity [Figure 6.23(d-f)] shows no 
forward light scattering from the nanoparticles in the active layer but displays shadowing effects. 
The exciton density [Figure 6.23(g-i)] also shows no significant changes compared to the 
reference devices. The electric field intensity [Figure 6.23(j-l)] shows enhanced localized near 
fields due to the excitation of surface plasmons, while recombination rates [Figure 6.23(m-o)] 
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show an increase in surface recombination at the PEDOT:PSS-nanoparticle-BHJ interface due 
to exciton quenching. The current density plots [Figure 6.23(p-r)] show an increased 
concentration of current flows near the nanoparticle-PEDOT:PSS interface as a result of paths 
of least resistance. 
 
Figure 6.23(a-c) Reference and plasmonic organic photovoltaic device structures incorporating 15 
nm radii silver and gold nanoparticles embedded in the PEDOT:PSS layer. (d-f) Optical Intensity 
profile in the device structure illuminated by the AM1.5G solar spectrum. (g-i) Exciton density in 
the active layer calculated from the optical intensity profile. (j-l) Electric field calculated from the 
optical intensity and built-in electric field in the active layer. (m-o) Recombination rate in the active 
layer of the photovoltaic device structure. (p-r) Current density profile in the active layer of the 
photovoltaic device structures The scale bar in each case is 100 nm. 
Appendix C3 compares the device structure, device mesh, optical intensity, exciton density, 
electric field, recombination rate and current density profiles of the reference and plasmonic 
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devices with 15 nm radius silver and gold nanoparticles of different separation distances 
embedded in the PEDOT:PSS. The optical intensity is only enhanced in the near field and no 
changes were observed in the far field. The shadowing effects also increased with the increase 
in the metal nanoparticle density. The exciton density profile shows enhancements in the near 
field, and the near field electric field intensity shows enhancements for all the different density 
metal nanoparticles due to the plasmonic effects. The recombination rate increases with the 
increase in the metal nanoparticle density, which occurs as the metal nanoparticles are good 
recombination centres for holes. The current density profile shows an increased concentration 
of current flow across the active layer due to the least resistive paths produced for the charge 
carriers for extraction. Hence, the recombination rates are increased locally near the 
nanoparticles as the charge carriers are being extracted via the nanoparticles resulting in 
increased accumulation of charge carriers. 
6.3 Summary 
In this chapter, a comprehensive analysis of the plasmonic effects of the silver and gold 
nanoparticles on the performance of the P3HT:PC70BM devices was carried out using 
experimental data and simulation studies. The experimental studies suggest that the optical 
properties are degraded upon the incorporation of the silver and remained unchanged for gold 
nanoparticles in the PEDOT:PSS layer compared to reference. Also the electrical properties of 
the silver based metal nanoparticles shows a decreased 𝑽𝒐𝒄, due to the presence of a potential 
barrier at the ITO interface, due to Fermi level mismatch, and reduced 𝐹𝐹, due to exciton 
quenching resulting in surface recombination. 
The electrical properties of the gold nanoparticles based plasmonic devices does not degrade 
as the Fermi level of the gold (~5.2 eV) matches well with the PEDOT:PSS (~5.0 eV) and 
assists in charge transport. The surface reflection from the plasmonic devices was increased by 
5% for silver based plasmonic devices and decreased by 0.3% for gold nanoparticles based 
plasmonic devices. The current density of the silver and gold nanoparticle based devices shows 
an increase of 10% and 0.5% in the EQE by converting more photons into charge carriers and 
an increase of 16.5% and 0.5% in the IQE by converting more absorbed excitons to separate 
charge carriers. 
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The leakage current also increased for high volume concentrations of metal nanoparticles as 
charges can traverse freely due to the presence of the nanoparticles in the PEDOT:PSS. An 
enhancement achieved using gold nanoparticles has previously been reported in the literature 
[4], where both the current density and fill factor were increased. A decreased performance in 
silver nanoparticle devices has also was also reported in literature [5], where both current and 
fill factor were reduced due to an increased recombination. 
The simulation study suggests that 10 nm and 15 nm radii silver and gold nanoparticles are 
optimum for maximum plasmonic enhancement. The 𝐽𝑠𝑐 of the 25 nm radii nanoparticles is 
reduced for silver nanoparticles and enhanced for gold nanoparticles which matches the 
experimentally measured 𝑱𝒔𝒄. The 𝑭𝑭 of the 25 nm silver nanoparticles does not match the 
experimental values; on the other hand the 𝑭𝑭 matches for gold nanoparticle based OPV 
devices. Both the simulation and experimental studies suggest an increased recombination at 
the metal nanoparticle-PEDOT:PSS-BHJ interface due to exciton quenching. The current 
density profiles suggest that the change transport is improved as a result of the production of 
least resistive paths for the charge carriers during extraction. Similar effects were also observed 
experimentally, where the series resistance was reduced for gold nanoparticle based plasmonic 
devices. However, the silver based plasmonic devices show increased series resistance due to 
charge trapping between the PEDOT:PSS and BHJ layers.  
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Chapter 7 Conclusion and Future Work 
7.1 Conclusion 
Photovoltaic systems are the fastest growing renewable energy generation technology on the 
market, and are currently changing the way sustainable energy is generated, when compared to 
their non-renewable counterparts, using Giga-Watt power plants and building integrated 
photovoltaics. Economic factors, such as commercial demand, government policies and 
technology development, have played a very important role in sustaining and growing the 
photovoltaic market across the globe and will continue to do so in the future. 
The success behind photovoltaics technology lies in the manufacturing and scaling up of the 1st 
generation silicon solar panel systems, with manufacturing techniques that grew out of the 
microelectronics industry over the last two decades. This technology is now matured and 
dominates in the commercial PV market. As the price of photovoltaic panels reduces, due to 
scaling up and optimisation of the manufacturing process, the fundamental cost-limiting factor of 
the 1st generation silicon solar panels technology is the volume of raw material required and 
time taken to make the panels. 
As a consequence, 2nd generation thin film photovoltaic technologies, such as amorphous 
silicon, poly silicon, CdTe and CIGS, have been developed to exploit the advantages of low 
volume material requirements and reduced manufacturing times inherent in the 2nd generation 
technology. However, although the 2nd generation solar panels are cheaper, due to low active 
material requirements on cheap substrates such as glass and plastics, the power conversion 
efficiency is also compromised due to less than optimum light absorption and sub-optimal 
extraction of charge carriers. 
This research project has undertaken to solve the problems of 2nd generation amorphous silicon 
solar cells by improving light absorption and electrical properties using plasmonic metal 
nanoparticles. We have designed and simulated plasmonics enhanced thin film amorphous 
silicon photovoltaic devices using an electronics-industry-standard technology computer aided 
design (TCAD) software, Silvaco Atlas.  
A comprehensive plasmonic photovoltaic optoelectronic model based on metal nanoparticles 
has been introduced for thin film amorphous silicon photovoltaic technology. This model allows 
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researchers to position the nanoparticles in the active and passive layers of the photovoltaic 
device architecture. The study then proceeds to describe the plasmonic light trapping properties 
of metal nanoparticles on the performance of the thin film amorphous silicon photovoltaic 
devices by simultaneously computing the electrical and optical properties of the solar cell. The 
electric output parameters include short circuit current density, open circuit voltage, fill factor 
and power conversion efficiency: optical parameters include surface refection, spectral 
absorption, internal and external quantum efficiency. Steady state responses, such as optical 
intensity, photogeneration rates, recombination rates, electric fields, were also examined, which 
were also benchmarked to experimental data. 
The size and pitch optimisation of silver and gold nanoparticles, incorporated in three different 
positions within the photovoltaic device architecture (within the glass substrate and within the 
active layer at the electrode interfaces), was modelled using n-i-p -type amorphous silicon 
photovoltaic devices with a 200 nm thick photoactive layer. The results show that the efficiency 
of the plasmonic devices can be improved by a maximum of 10% and 12% respectively upon 
the incorporation of 40 nm radius silver and gold nanoparticles, at a pitch distance of 200-320 
nm, embedded in the glass substrate. Alternatively, 10 nm radius nanoparticles, at a pitch 
distance of 200-500 nm, positioned in the active layer at the front and back electrode interfaces, 
produce a modest 4% and 3% efficiency enhancement respectively, compared to the reference. 
These enhancements were due to reduced surface reflections and improved spectral absorption 
in the active layer as a result of light scattering and localised surface plasmon resonance 
around the plasmonic metal nanoparticles. The model retains the flexibility required to simulate 
different photovoltaic architectures and is therefore applicable to other PV technologies. It also 
allows for the incorporation of different nanoparticle materials, dimensions and shapes and can 
include complex nanoparticle systems such as core shell nanomaterials. 
Some side effects of the plasmonic metal nanoparticles, in the form of parasitic light absorption 
and degradation of electrical properties of the plasmonic solar cells, were identified which can 
be overcome by selecting the appropriate size and positioning of the metal nanoparticles. 
As a consequence of the simulation, it can be seen that the efficiency of the 200 nm thick active 
layer plasmonic amorphous silicon photovoltaic cells can be increased to the value produced for 
a non-plasmonic reference cell with an active layer thickness of 300 nm, with the requisite 
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savings in material requirements, processing time and cost. The cost of adding plasmonic 
structures, within the glass substrate or in the active layer, will be the limiting factor in the 
compromise between the efficiency gains due to the plasmonic structures versus the 
requirement of an additional manufacturing step.  
Building on the development of the amorphous silicon model, an optoelectronic model has been 
developed to simultaneously simulate the electrical and optical properties of plasmonic metal 
nanoparticles in 3rd generation, solution processable organic photovoltaic technology based on 
P3HT:PCBM. Again, the model was benchmarked against experimental data. Silver and gold 
nanoparticles of different dimensions were incorporated into the PEDOT:PSS buffer layer in an 
attempt to enhance the efficiency. We achieved a relative increase of 4% using gold 
nanoparticles due to improved absorption and reduced reflections, resulting in better light 
trapping. The electrical properties, such as current density, of the plasmonic organic 
photovoltaic devices were also improved using the gold nanoparticles. However, the 
performance of the plasmonic silver nanoparticle devices degraded due to poor electrical 
properties, such as increased leakage current, high recombination rates and lower currents, due 
exciton quenching-reduced shunt resistance. The processes behind the increase and decrease 
in device performance in each case were explained using the optoelectronic simulation of the 
plasmonic organic photovoltaic cells. 
In conclusion, a simulation package for achieving rapid incremental performance increases in 
plasmon-enhanced thin film amorphous and organic photovoltaic devices has been developed, 
which is expected to assist photovoltaics manufacturers in the optimisation of second and third 
generation photovoltaic technology. Design rules for developing thin film photovoltaic devices 
using plasmon technology have been proposed, and the simulation package specifically utilised 
to simultaneously model the optical and electronic properties of the device. The developed 
plasmonic model is inherently versatile and can be modified for different device architectures, 
and consequently different photovoltaic technologies, and can incorporate complex plasmonic 
nanostructures such as core shell materials.  
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7.2 Future Work 
The computer model developed during this research project is now available to the 
photovoltaics manufacturer to further develop the technology for their product development. 
However, to further demonstrate the versatility of the product further optimisation of the models 
will be required by adding new materials for plasmonic structures, new device architectures and 
benchmarking the results against different thin film photovoltaic technologies. 
Further development of the model to simulate large area devices and, whereas the current 
model is based on 2D device structure, adding a third dimension will be more applicable to real 
world applications. The comparison of the plasmon model against the nanoHUB model must be 
carried out and is an essential step to validate the Atlas simulation. The plasmonic photovoltaic 
device architectures can be further tested at different light intensity, temperatures, and at wide 
incident light angles to mimic the variation of the environmental conditions to which the solar cell 
will be exposed. 
The model can also be incorporated with a SPICE circuit model, where the effects of series and 
shunt resistance can be examined with a view to developing a model that can simulate 
connected solar panels. The SPICE circuit in conjunction with the TCAD model can be used to 
simulate large plasmonic photovoltaic panels on an industrial scale and analyse the effects of 
the inclusion of plasmonic metal nanoparticles on the performance of the system. Similar work 
can also be undertaken using the organic photovoltaic device models with other semiconducting 
material libraries developed for new high performance polymers such as PCDTBT and PTB7. 
Inverted structures of based on organic photovoltaics can also be designed and simulated 
where the plasmonic metal nanoparticle can be embedded on the back side of the deice 
architecture. In the inverted structure, the metal nanoparticles acts as the back scatters can 
potentially enhance the light absorption. 
Recently, the efficiency of the thin film perovskites photovoltaics devices has almost reached 
20% in less the 10 years of research and shows a very promising future. Optoelectronic model 
and material library based on new class of inorganic semiconductors, “Perovskites”, will help the 
scientific community to optimise and develop the 4th generation photovoltaic technology. 
Finally, the incorporation of plasmonic nanoparticles into photovoltaic technology is applicable 
to other 2nd and 3rd generation photovoltaic technologies and performing optoelectronic analysis 
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by adapting the models produced in this thesis will allow researchers to understand plasmonic 
effects generally. 
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Appendix A Simulation Parameters of Plasmonic Devices  
A1 Optoelectronic Modelling of Thin Film Plasmonic Amorphous 
Silicon Photovoltaic Devices 
A.1.1 Device Architecture 
A n-i-p configured TF a-Si:H PV cell design based on a silicon dioxide (SiO2) / indium tin oxide 
(ITO) / a-Si:H / aluminium (Al) device structure was modelled, incorporating a 24.6-μm-thick 
SiO2 buffer layer, a 100-nm-thick ITO layer as the front transparent conductive electrode 
(cathode), a 200-nm thick n-i-p a-Si:H as the active layer, and a 100-nm-thick Al back electrode 
(anode). The overall thickness of the PV cell is designed to be 25 μm. The sunlight enters the 
stratified layers of the transparent glass substrate (SiO2) and the transparent conductive oxide 
layer (ITO), and is partially absorbed in the amorphous silicon layer. Any unabsorbed light is 
reflected back from the aluminium back electrode. To demonstrate the plasmonic effect of the 
metal nanoparticles, 10 or 30 nm radius gold nanoparticles were positioned in three different 
locations in the device architecture. The gold nanoparticles were embedded in 
1. the SiO2 and adjacent to the ITO (i.e. electrically isolated from the a-Si:H) 
2. between the ITO and the a-Si:H (i.e. electrically connected) 
3. between the a-Si:H and the Al (i.e. electrically connected) 
The glass thickness of 24.6 μm was designed on the ITO as an encapsulate material for the 
metal nanoparticles and the total device architecture was 25 μm thick. This is the best 
approximation, whereas realistically 100-200 um thick corning glass is typically used as the 
encapsulation layer for thin film PV applications [1]. The computational time and processing 
power was the limiting factor in the design of 25 um thick total device architecture. The perfectly 
match layers in the FDTD dimensions was 25 µm. The reference and plasmonic device 
structures were designed using the structure and mesh editor, DevEdit (V.2.8.17.R), from 
Silvaco Inc. USA [2]. A comprehensive triangular and rectangular finite element mesh with a 
minimum mesh spacing of 1 nm was applied to resolve the plasmonic metal nanoparticles in the 
device architecture. The same mesh was used in both electrical and optical simulations with 
periodic boundary conditions satisfied.  
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A.1.2 Electrical Simulation Material Parameters 
The electrical parameters for a-Si:H in the simulation were taken from the “Handbook of 
Photovoltaic Science and Engineering”  from Luque and Hegedus [3]. It is important to note that 
the electrical parameters for a-Si:H are material process dependent and will depend upon 
deposition techniques. 
 Dielectric constant: 11.8 
 Band gap: 1.75 eV 
 Electron affinity: 4.0 eV 
 Effective density of states in conduction band: 2x1021 cm-3 
 Effective density of states in valence band: 1x1022 cm-3 
 Charge carrier mobility (electron, hole): 1 cm2 V-1s-1 , 0.05 cm2 V-1s-1 
 Thermal velocity (election, hole): 1.08x107 cm s-1, 1.3x107 cm s-1 
The doping concentration and thickness of the n-i-p a-Si:H layers are given in Table A1.1. 
Table A1.1 Doping concentration and thickness of n-i-p a-Si:H layers. 
Layer Thickness (nm) Doping concentration (cm-3) 
N+ 25 1.0x1018 (N-type) 
I 150 1.0x1014 (P-type) 
P+ 25 1.0x1018 (P-type) 
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A.1.3 Defect Trap States in Amorphous Silicon 
The Atlas device physics package permits the inclusion of defect trap states, in order to model 
the disordered nature of the a-Si:H layer. Defect trap states significantly influence the electrical 
characteristics, such as recombination processes, and electrostatics of the semiconductor [4]. 
The defect states are modelled as a continuous density of defect states, which is defined as a 
combination of exponentially decaying band tail states 𝑔𝑇(𝐸) and a Gaussian distribution of mid-
gap states 𝑔𝐺(𝐸). The total density of defect states 𝑔(𝐸) is composed of four bands: two tail 
bands (acceptor and donor) and two deep level bands (acceptor and donor). In the Equation 
1.1-Equation 1.5, 𝑬 is the trap energy, 𝑬𝑪 is the conduction band energy, 𝑬𝑽 is the valence band 
energy and the subscripts (𝑵, 𝑻, 𝑮, 𝑨, 𝑫, 𝑾) stands for the density of trap states, tail, Gaussian, 
acceptor, donor and decay energy respectively. 
𝑔(𝐸) =  𝑔𝑇𝐴(𝐸) + 𝑔𝑇𝐷(𝐸) + 𝑔𝐺𝐴(𝐸) + 𝑔𝐺𝐷(𝐸) Equation 1.1 
𝑔𝑇𝐴(𝐸) = 𝑁𝑇𝐴 𝑒
(
𝐸−𝐸𝐶
𝑊𝑇𝐴
)
 
Equation 1.2 
𝑔𝑇𝐷(𝐸) = 𝑁𝑇𝐷 𝑒
(
𝐸𝑉−𝐸
𝑊𝑇𝐷
)
 
Equation 1.3 
𝑔𝐺𝐴(𝐸) = 𝑁𝐺𝐴 𝑒
−(
𝐸𝐺𝐴−𝐸
𝑊𝐺𝐴
)
2
 
Equation 1.4 
𝑔𝐺𝐷(𝐸) = 𝑁𝐺𝐷 𝑒
−(
𝐸−𝐸𝐺𝐷
𝑊𝐺𝐷
)
2
 
Equation 1.5 
Figure A1.1 shows the defect density of states in the a-Si:H layer. The exponential tail 
distribution (𝑵𝑻𝑨) and donor (𝑵𝑻𝑫) states is described by the conduction and valence band 
edge intercept and the characteristic decay energy for the tail distribution of acceptor (𝑾𝑻𝑨) 
and donor (𝑾𝑻𝑫) states. The Gaussian distribution of acceptor (𝑵𝑮𝑨) and donor (𝑵𝑮𝑫) mid-
gap states are described by the characteristic decay energies of acceptor (𝑾𝑮𝑨) and donor 
(𝑾𝑮𝑫) states and the peak energy distribution for acceptor (𝑬𝑮𝑨) and donor (𝑬𝑮𝑫) states. 
The capture cross-sections for electrons and holes in the tail distribution of the acceptors and 
donors are 1.0x10-17 cm2. The capture cross-sections for electrons and holes in the tail and 
Gaussian distributions for donors and acceptors are 1.0x10-15 cm2, respectively. The capture 
cross-sections for electrons and holes in the Gaussian distribution of acceptors and donors are 
1.0×10−16 cm2, respectively. Table A1.2 gives the corresponding trap parameters of the a-Si:H 
layer.  
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Figure A1.1 Defect density of states comprising exponentially decaying acceptor and donor tail 
states and Gaussian distribution of acceptor and donor mid-gap states in the a-Si:H layer. 
Table A1.2 Trap parameters of the defect density of states in the a-Si:H 
Trap parameters 
Total density of acceptor-like states in the tail distribution at the 
conduction band edge (NTA) 
1.0x1021 (cm-3) 
Total density of donor-like states in the tail distribution at the valence 
band edge (NTD) 
1.0x1021 (cm-3) 
Characteristic decay energy for the tail distribution of acceptor-like 
states (WTA) 
0.033 eV 
Characteristic decay energy for the tail distribution of donor-like states 
(WTD) 
0.049 eV 
Total density of acceptor-like states in a Gaussian distribution (NGA) 1.5x1015 (cm-3) 
Total density of donor-like states in a Gaussian distribution (NGD) 1.5x1015 (cm-3) 
Energy corresponding to the Gaussian distribution peak for acceptor-like 
states (EGA) 
0.62 eV 
Energy corresponding to the Gaussian distribution peak for donor-like 
states (EGD) 
0.78 eV 
Characteristic decay energy for a Gaussian distribution of acceptor-like 
states (WGA) 
0.15 eV 
Characteristic decay energy for a Gaussian distribution of donor-like 
states (WGD) 
0.15 eV 
 
  
198 
 
A2 Simulation Data 
Figure A2.1 Dark and light current-voltage characteristics of plasmonic 30 nm silver nanoparticle 
embedded in amorphous silicon towards the top ITO electrode. The device acts like a resistor 
due to degradation of electrical properties of the PV device. 
 
Figure A2.1 Dark and light current-voltage characteristics of plasmonic 30 nm silver nanoparticle 
embedded in amorphous silicon towards the top ITO electrode. 
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glass.html 
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Appendix B Steady State Response of Plasmonic Devices 
B1  Size Optimisation  
 
Figure B1.1 Amorphous silicon reference and plasmonic photovoltaic device structures 
incorporating different radii of silver and gold nanoparticles embedded in glass. The scale bar in 
each case is 100 nm. 
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Figure B1.2 Amorphous silicon reference and plasmonic photovoltaic device mesh incorporating 
different radii of silver and gold nanoparticles embedded in glass. The scale bar in each case is 100 
nm. 
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Figure B1.3 Optical intensity (mW cm-2) profile calculated from FDTD analysis under AM1.5 solar 
spectrum in the reference and plasmonic photovoltaic device structures. The scale bar in each case 
is 100 nm. 
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Figure B1.4 Photogeneration rate (cm-3 s-1) profile calculated from optical intensity profile plotted in 
the amorphous silicon region of the reference and plasmonic device structures. The scale bar in 
each case is 100 nm. 
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Figure B1.5, Figure B1.6, Figure B1.7, Figure B1.8 and Figure B1.9 compare the extinction, 
absorption, forward scattering, backscattering efficiency and albedo of the 10-50 nm radius silver 
and gold nanoparticles embedded in glass.  
 
Figure B1.5 Extinction efficiency of (a) Silver and (b) Gold nanoparticles embedded in the glass. 
 
Figure B1.6 Absorption efficiency of (a) Silver and (b) Gold nanoparticles embedded in the glass. 
 
Figure B1.7 Scattering efficiency of (a) Silver and (b) Gold nanoparticles embedded in the glass. 
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Figure B1.8 Backscattering efficiency of (a) Silver and (b) Gold nanoparticle embedded in the glass. 
 
Figure B1.9 Albedo of (a) Silver and (b) Gold nanoparticle embedded in the glass. 
 
Table B1.1 and Table B1.2 compares the mean and peak optical parameters of the 10-50 nm 
radius silver and gold nanoparticles embedded in the glass. 
Table B1.1 Mean optical parameters of the silver and gold nanoparticle embedded in the glass. 
Nanoparticle 
Radius 
Extinction 
Efficiency 
Absorption 
Efficiency 
Forward 
Scattering 
Efficiency 
Backscattering 
Efficiency 
Albedo 
Material Ag Au Ag Au Ag Au Ag Au Ag Au 
10 0.79 0.71 0.60 0.70 0.19 0.01 0.28 0.02 0.23 0.04 
20 1.83 1.54 0.54 1.37 1.29 0.17 1.92 0.25 0.66 0.20 
30 2.64 2.40 0.40 1.66 2.24 0.73 3.30 1.02 0.82 0.40 
40 3.39 3.17 0.33 1.54 3.05 1.64 4.27 2.19 0.88 0.54 
50 3.98 3.80 0.29 1.32 3.69 2.48 4.79 3.15 0.91 0.62 
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Table B1.2 Peak optical parameters of the silver and gold nanoparticle embedded in the glass. 
Nanoparticle 
Radius 
Extinction 
Efficiency 
Absorption 
Efficiency 
Forward 
Scattering 
Efficiency 
Backscattering 
Efficiency 
Albedo 
Material Ag Au Ag Au Ag Au Ag Au Ag Au 
10 23.88 2.38 18.10 2.35 5.78 0.04 8.67 0.05 0.35 0.08 
20 21.98 5.09 5.58 4.51 16.40 0.62 24.57 0.91 0.81 0.40 
30 13.40 7.45 3.78 4.88 12.00 2.73 17.92 4.04 0.93 0.68 
40 9.24 8.36 2.87 3.27 8.62 5.37 12.77 7.90 0.97 0.83 
50 8.72 7.57 1.63 2.17 7.09 6.20 9.75 9.08 0.98 0.90 
 
Table B1.3 Particle density and equivalent separation distance of the nanoparticles 
Nanoparticle Density  
(cm-2) 
Pitch Distance  
(nm) 
Area Coverage  
(%) 
2D 3D Ag Au Ag Au 
1 x 108 1 x 108 1000.00 0.50 
2 x 108 4 x 108 500.00 2.01 
3 x 108 9 x 108 333.33 4.52 
4 x 108 16 x 108 250.00 8.04 
5 x 108 25 x 108 200.00 12.56 
6 x 108 36 x 108 166.66 18.09 
7 x 108 49 x 108 142.85 24.63 
8 x 108 64 x 108 125.00 32.16 
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B2 Pitch Optimisation 
 
 
Figure B2.1 Amorphous silicon reference and plasmonic photovoltaic device structure incorporating silver and gold 40 nm radius nanoparticles embedded in the glass with 
different separation distances. The scale bar in each case is 100 nm. 
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Figure B2.2 Amorphous silicon reference and plasmonic photovoltaic device mesh incorporating silver and gold 40 nm radius nanoparticles embedded in the glass with 
different separation distances. The scale bar in each case is 100 nm. 
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Figure B2.3 Optical intensity (mW cm-2) profile calculated from the FDTD analysis under AM1.5 solar spectrum in the reference and plasmonic photovoltaic device structures. 
The scale bar in each case is 100 nm. 
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Figure B2.4 Photogeneration rate (cm-3 s-1) profile calculated from the optical intensity profile plotted in the amorphous silicon region of the reference and plasmonic device 
structures. The scale bar in each case is 100 nm. 
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B3 Size Optimisation 
 
 
Figure B3.1 Amorphous silicon reference and plasmonic photovoltaic device structure containing 
different radii of silver and gold nanoparticle embedded in the active layer at the front ITO electrode 
interface. The scale bar in each case is 100 nm. 
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Figure B3.2 Amorphous silicon reference and plasmonic photovoltaic device mesh containing 
different radii of silver and gold of nanoparticles embedded in the active layer at the front ITO 
electrode interface. The scale bar in each case is 100 nm. 
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Figure B3.3 Optical intensity (mW cm-2) profile calculated from the FDTD analysis under AM1.5 solar 
spectrum in the reference and plasmonic photovoltaic device structures. The scale bar in each case 
is 100 nm. 
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Figure B3.4 Photogeneration rate (cm-3 s-1) profile calculated from the optical intensity profile plotted 
in the amorphous silicon region of the reference and plasmonic device structures. The scale bar in 
each case is 100 nm. 
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Figure B3.5 Electric field (V cm-1) profile calculated from the optical intensity and the built-in electric 
field in the amorphous silicon layer for the reference and plasmonic device structures. The scale bar 
in each case is 100 nm. 
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Figure B3.6 Recombination rate (cm-3 s-1) profile calculated from the optical intensity profile plotted 
in the amorphous silicon region of the reference and plasmonic device structures. The scale bar in 
each case is 100 nm. 
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B4 Pitch Optimisation 
 
 
 
Figure B4.1 Amorphous silicon photovoltaic device structure comparing (a) reference and (b-k) plasmonic devices containing multiple 10 nm radius silver and gold 
nanoparticles embedded in  the active layer at the front ITO electrode interface. The scale bar in each case is 100 nm. 
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Figure B4.2 Amorphous silicon photovoltaic device mesh comparing (a) reference and (b-k) plasmonic devices containing multiple 10 nm radius silver and gold 
nanoparticles embedded in  the active layer at the front ITO electrode interface. The scale bar in each case is 100 nm. 
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Figure B4.3 Optical intensity (mW cm-2) profile calculated from the FDTD analysis under AM1.5 solar spectrum in the reference and plasmonic photovoltaic device structures. 
The scale bar in each case is 100 nm. 
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Figure B4.4 Photogeneration rate (cm-3 s-1) profile calculated from the optical intensity profile plotted in the amorphous silicon region of the reference and plasmonic device 
structures. The scale bar in each case is 100 nm. 
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Figure B4.5 Electric field (V cm-1) profile calculated from the optical intensity and the built-in electric field in the amorphous silicon layer for the reference and plasmonic 
device structures. The scale bar in each case is 100 nm. 
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Figure B4.6 Recombination rate (cm-3 s-1) profile calculated from the optical intensity profile plotted in the amorphous silicon region of the reference and plasmonic device 
structures. The scale bar in each case is 100 nm. 
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B5 Size Optimisation 
 
Figure B5.1 Amorphous silicon reference and plasmonic photovoltaic device structures containing 
different radii of silver and gold nanoparticle embedded in the active layer at the back aluminium 
electrode interface. The scale bar in each case is 100 nm. 
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Figure B5.2 Amorphous silicon reference and plasmonic photovoltaic device mesh containing 
different radii of silver and gold nanoparticle embedded in the active layer at the back aluminium 
electrode interface. The scale bar in each case is 100 nm. 
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Figure B5.3 Optical intensity (mW cm-2) profile calculated from the FDTD analysis under AM1.5 solar 
spectrum in the reference and plasmonic photovoltaic device structures. The scale bar in each case 
is 100 nm. 
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Figure B5.4 Photogeneration rate (cm-3 s-1) profile calculated from optical intensity profile plotted in 
the amorphous silicon region of the reference and plasmonic device structures. The scale bar in 
each case is 100 nm. 
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Figure B5.5 Electric field (V cm-1) profile calculated from the optical intensity and the built-in electric 
field in the amorphous silicon layer for the reference and plasmonic device structures. The scale bar 
in each case is 100 nm. 
227 
 
 
 
Figure B5.6 Recombination rate (cm-3 s-1) profile calculated from the optical intensity profile plotted 
in the amorphous silicon region of the reference and plasmonic device structures. The scale bar in 
each case is 100 nm. 
228 
 
B6 Pitch Optimisation 
 
 
 
Figure B6.1 Amorphous silicon photovoltaic device structure comparing (a) reference and (b-k) plasmonic devices containing multiple 10 nm radius silver and gold 
nanoparticles embedded in the active layer at the back aluminium electrode interface. The scale bar in each case is 100 nm. 
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Figure B6.2 Amorphous silicon photovoltaic device mesh comparing (a) reference and (b-k) plasmonic devices containing multiple 10 nm radius silver and gold 
nanoparticles embedded in the active layer at the back aluminium electrode interface. The scale bar in each case is 100 nm. 
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Figure B6.3 Optical intensity (mW cm-2) profile calculated from the FDTD analysis under AM1.5 solar spectrum in the reference and plasmonic photovoltaic device structures. 
The scale bar in each case is 100 nm. 
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Figure B6.4 Photogeneration rate (cm-3 s-1) profile calculated from the optical intensity profile plotted in the amorphous silicon region of the reference and plasmonic device 
structures. The scale bar in each case is 100 nm. 
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Figure B6.5 Electric field (V cm-1) profile calculated from the optical intensity and the built-in electric field in the amorphous silicon layer for the reference and plasmonic 
device structures. The scale bar in each case is 100 nm 
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Figure B6.6 Recombination rate (cm-3 s-1) profile calculated from the optical intensity profile plotted in the amorphous silicon region of the reference and plasmonic device 
structures. The scale bar in each case is 100 nm. 
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Appendix C Simulation Parameters of Plasmonic OPV 
C1 Electrical Simulation Material Parameters of Organic Materials 
The electrical parameters of the organic materials used in the simulation were taken from the 
literature [1-3]. The electrical junction between the electrode and organic material interface were 
assumed to have Ohmic contacts. 
Table C1.1 Electrical simulation parameters of the PEDOT:PSS and P3HT:PC70BM. 
Electrical Parameters PEDOT:PSS P3HT:PC70BM 
Thickness (nm) 50 220 
Permittivity 3.4 3.4 
Affinity (eV) 3.3 4.0 
Bandgap (eV) 1.7 1.1 
Work function (eV) 5.0 - 
Resistivity (Ω cm) 100 - 
Effective density of states in conduction band (cm-3) 1.0 x 1018 2.2 x 1018 
Effective density of states in valence band (cm-3) 1.0 x 1018 1.8 x 1018 
 
Table C1.2 Advanced Electrical Material Parameter of the P3HT:PC70BM. 
Advanced Material Parameters P3HT:PC70BM 
Non-radiative singlet exciton decay rate (s-1)-KNRS.EXCITON 3.5 x 103 
Exciton diffusion length (nm)-LDS.EXCITON 10 
Number of excitons generated for each absorbed photon- QE.EXCITON 1.0 
Singlet exciton radiative decay lifetime (ns)- TAUS.EXCITON 25 
Electron-hole separation distance in exciton (nm)- A.SINGLET 1.15 
Singlet exciton binding energy (ev)- S.BINDING 0.28 
Electron mobility (cm2 V-1s-1) 10 x 10-3 
Hole mobility (cm2 V-1s-1) 6.6 x 10-3 
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C2  Size Optimisation  
 
Figure C2.1 Reference and plasmonic organic photovoltaic device structures incorporating silver 
and gold metal nanoparticles of different radii embedded in PEDOT:PSS. The scale bar in each case 
is 100 nm. 
236 
 
 
 
Figure C2.2 Reference and plasmonic organic photovoltaic device mesh incorporating silver and 
gold metal nanoparticles of different radii embedded in PEDOT:PSS. The scale bar in each case is 
100 nm. 
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Figure C2.3 Optical intensity (mW cm-2) profile calculated from FDTD analysis under AM1.5 solar 
spectrum in the reference and plasmonic photovoltaic device structures. The scale bar in each case 
is 100 nm. 
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Figure C2.4 Exciton density (cm-3) profile calculated from optical intensity profile plotted in the active 
layer of the reference and plasmonic device structures. The scale bar in each case is 100 nm. 
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Figure C2.5 Electric field (V cm-1) profile calculated from the optical intensity and the built-in electric 
field in the active layer of the reference and plasmonic device structures. The scale bar in each case 
is 100 nm. 
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Figure C2.6 Recombination rate (cm-3 s-1) profile calculated from the electric field intensity profile 
plotted in the active layer of the reference and plasmonic device structures. The scale bar in each 
case is 100 nm. 
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Figure C2.7, Figure C2.8, Figure C2.9, Figure C2.10 and Figure C2.11 compare the extinction, 
absorption, forward scattering, backscattering efficiency and albedo of the 5-25 nm radius silver 
and gold nanoparticles embedded in the PEDOT:PSS.  
 
Figure C2.7 Extinction efficiency of (a) Silver and (b) Gold nanoparticles embedded in the 
PEDOT:PSS layer. 
 
 
Figure C2.8 Absorption efficiency of (a) Silver and (b) Gold nanoparticle embedded in the 
PEDOT:PSS layer. 
 
 
Figure C2.9 Scattering efficiency of (a) Silver and (b) Gold nanoparticle embedded in the PEDOT:PSS 
layer. 
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Figure C2.10 Backscattering efficiency of (a) Silver and (b) Gold nanoparticle embedded in the 
PEDOT:PSS layer. 
 
Figure C2.11 Albedo of (a) Silver and (b) Gold nanoparticle embedded in the PEDOT:PSS layer. 
 
Table C2.1 and Table C2.2 compare the mean and peak optical parameters of the 5-25 nm radius 
silver and gold nanoparticles embedded in the PEDOT:PSS. 
Table C2.1 Mean optical parameters of the silver and gold nanoparticle embedded in the PEDOT:PSS 
layer. 
Nanoparticle 
Radius 
Extinction 
Efficiency 
Absorption 
Efficiency 
Forward 
Scattering 
Efficiency 
Backscattering 
Efficiency 
Albedo 
Material Ag Au Ag Au Ag Au Ag Au Ag Au 
5 0.37 0.32 0.36 0.32 0.02 0.00 0.02 0.00 0.04 0.00 
10 0.76 0.66 0.58 0.65 0.18 0.01 0.27 0.01 0.23 0.03 
15 1.16 1.04 0.60 0.99 0.57 0.05 0.85 0.07 0.47 0.10 
20 1.67 1.45 0.53 1.30 1.14 0.15 1.71 0.22 0.65 0.20 
25 2.16 1.87 0.45 1.52 1.71 0.35 2.55 0.50 0.76 0.30 
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Table C2.2 Peak optical parameters of the silver and gold nanoparticle embedded in the PEDOT:PSS 
layer. 
Nanoparticle 
Radius 
Extinction 
Efficiency 
Absorption 
Efficiency 
Forward 
Scattering 
Efficiency 
Backscattering 
Efficiency 
Albedo 
Material Ag Au Ag Au Ag Au Ag Au Ag Au 
5 12.06 1.04 11.65 1.04 0.54 0.00 0.81 0.00 0.06 0.01 
10 24.46 2.17 18.08 2.14 6.38 0.03 9.57 0.05 0.34 0.07 
15 23.30 3.39 12.12 3.25 11.18 0.16 16.74 0.24 0.63 0.21 
20 20.69 4.69 6.20 4.21 14.74 0.51 22.06 0.75 0.80 0.39 
25 17.38 5.89 2.60 4.77 14.78 1.22 22.14 1.81 0.88 0.55 
 
  
244 
 
C3 Pitch Optimisation 
 
 
Figure C3.1 Organic photovoltaic reference and plasmonic device structure incorporating silver and 
gold 15 nm radii nanoparticles embedded in PEDOT:PSS layer with different separation distance The 
scale bar in each case is 100 nm. 
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Figure C3.2 Organic photovoltaic reference and plasmonic device mesh incorporating silver and 
gold 15 nm radii nanoparticles embedded in PEDOT:PSS layer with different separation distance The 
scale bar in each case is 100 nm. 
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Figure C3.3 Optical intensity (mW cm-2) profile calculated from the FDTD analysis under AM1.5 solar 
spectrum in the reference and plasmonic organic photovoltaic device structures. The scale bar in 
each case is 100 nm. 
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Figure C3.4 Exciton density (cm-3) profile calculated from the FDTD analysis under AM1.5 solar 
spectrum in the active layer of the reference and plasmonic organic photovoltaic device structures. 
The scale bar in each case is 100 nm. 
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Figure C3.5 Electric field (V cm-1) profile calculated from the optical intensity and the built-in electric 
field in the active layer of the reference and plasmonic organic photovoltaic device structures. The 
scale bar in each case is 100 nm. 
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Figure C3.6 Recombination rate (cm-3 s-1) profile calculated from the electric field intensity profile 
plotted in the active layer of the reference and plasmonic organic photovoltaic device structures. 
The scale bar in each case is 100 nm. 
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Figure C3.7 Current Density (mA cm-2) profile calculated from the electric field intensity profile 
plotted in the active layer of the reference and plasmonic organic photovoltaic device structures. 
The scale bar in each case is 100 nm. 
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